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 SUMMARY 
 
This Dissertation documented the calibration of safety performance functions for fatal, injury, and PDO 
crashes for rural and urban Interstate, multilane, and two-lane highways using data on untreated highway 
segments without pavement resurfacing and/or shoulder paving for period 2000-2006. It also documented 
the assessment of safety impacts of shoulder paving in reducing target crashes potentially affected by 
shoulder paving using the Empirical Bayesian analysis (EB) and cross-sectional analysis respectively. 
The target crash types include head-on, sideswipe-same direction, sideswipe-opposite direction, fixed 
objects, and overturns involving single and multiple vehicles. The EB analysis was accomplished by 
applying the calibrated safety performance functions to estimate the EB adjusted target crashes for the 
before and after treatment periods for Type I treatment sites (with pavement resurfacing and shoulder 
paving) and Type II treatment sites (with pavement resurfacing only). The percentage reductions in the 
target crashes of the two types of treated sites for the after treatment period were regarded as the EB 
analysis of safety impacts of shoulder paving. The cross-sectional analysis of safety impacts of shoulder 
paving was conducted by only using target crashes for the after treatment period for comparable Type I 
and Type II treated sites. The main findings are summarized in the following: 
- Negative binomial random effect model was found to be appropriate for the calibration of safety 
performance functions. As commonly found in existing literature, AADT and segment length are most 
influential to the prediction of crashes on highway segments. Additional factors found to be statistically 
significant are lane width, median type, outside paved shoulder width, and combined lane and paved 
shoulder width. The model fits are generally lower for fatal crashes and gradually improved for injury and 
PDO crashes, respectively. 
- Although more complex and data driven, the EB analysis approach appears to be superior in producing 
more reliable results as compared to the cross-sectional analysis approach. One statistical rigor of the EB 
approach lies in its ability to eliminate the regression-to-mean bias that is inherited with the cross-
sectional analysis approach. Based on the application of the EB analysis approach, shoulder paving was 
found to be more effective in reducing injury and PDO crashes when paved shoulder widths do not 
exceed 8 ft for Interstate and two-lane highways and are not higher than 4 ft for multilane highways or the 
combined lane and paved shoulder widths do not go beyond 20 ft. It was also found that a wide width 
paved shoulder has the tendency to increase fatal crashes. No clear pattern in terms of increase in 
shoulder-related crashes was observed among lane widths of 11-ft, 12-ft, and 13-ft for equal total 
combined lane and shoulder widths ranging from 12 ft to 24 ft. The EB and cross-sectional analyses have 
revealed that shoulder paving is mostly effective for per lane daily traffic ranging 5,000-10,000.  
Key words: Highway, shoulder, paving, safety, crash 
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RESUMEN 
La presente tesina documenta la calibración de funciones “de Seguridad” (Safety Performance Functions, 
SPF) para accidentes de tipo fatal, lesión y daños al vehículo para carreteras Interestatales, carriles 
múltiples y dos carriles ya sean rurales o urbanas, usando datos de segmentos de carreteras que no han 
recibido ningún tratamiento (siendo los tratamientos posibles repavimentado y/o pavimentado de arcenes) 
para el periodo 2000-2006. También se documenta la evaluación de impactos de seguridad de 
pavimentación de arcenes en la reducción de accidentes potencialmente afectados por el pavimentado de 
arcenes usando el análisis Bayesiano Empírico (EB) y el análisis de datos cruzados. Los tipos de 
accidentes incluyen choque frontal, choque lateral en coches circulando en el mismo sentido, choque 
lateral en coches circulando en en sentido opuesto, choque contra objeto fijos y giros involucrando uno o 
varios vehículos. El análisis EB fue llevado a cabo aplicando las SPF calibradas para estimar el número 
de accidentes ajustando el EB análisis para los periodos anterior y posterior a los tratamientos, para 
tratamientos tipo I (repavimentado y pavimentado del arcén) y tratamientos tipo II (solo repavimentado). 
La reducción del porcentaje del número de accidentes de los dos tipos de tratamientos para el periodo 
después del tratamiento se traducen como el análisis EB de impactos de seguridad de pavimentado de 
arcenes. El análisis de datos cruzados del impacto de seguridad del pavimentado de arcenes se lleva a 
cabo usando solo los accidentes para el periodo tras el tratamiento, comparando los tratamientos tipo I y 
tipo II. 
Los principales hallazgos han sido los siguientes: 
- El modelo Binomial Negativo para efectos aleatorios es considerado apropiado para la calibración de 
SPF. La Intensidad Media Diaria (IMD) y la longitud de los segmentos son los factores de mayor 
influencia en la predicción de accidentes. Otros factores que también han resultado ser estadísticamente 
significantes son el ancho de carril, tipo de mediana, ancho del arcén exterior y la combinación de ancho 
de carril y arcén exterior. El ajuste de los modelos es menor en el caso de accidentes de tipo fatal, y 
gradualmente mayor en el caso de accidentes de tipo lesión y daños al vehículo, respectivamente. 
- El análisis Empírico Bayesiano ofrece resultados de mayor fiabilidad comparado con el análisis de 
Secciones Cruzadas. Esto es debido al hecho que el modelo EB es capaz de eliminar la esbiación 
producida en la regresión a la media, a diferencia del modelo de Secciones Cruzadas que no corrige dicha 
esbiación. Basándose en la aplicación  del análisis EB, el pavimentado del arcén resulta ser más efectivo 
en la reducción de los accidentes tipo lesión y daños al vehículo cuando el ancho del arcén no excede 8ft 
(2,43m) para carreteras Interestatales y de dos carriles, y no más ancho de 4 ft (1.22m) para carreteras de 
carriles múltiples no interestatales, o el ancho combinado de carril y arcén no superando los 20 ft (6m). 
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También se determinó que un arcén pavimentado de mayor anchura a las previamente indicadas implica 
un aumento en el número de accidentes tipo fatal. No se encuentra un claro patrón, en términos de 
incremento de accidentes relacionados con el arcén, entre anchos de carril de 11,12 y 13 ft (3.35, 3.66 y 
3.96 m), ni tampoco para ancho total de carril más arcén con rangos entre 12ft y 24ft (3.66m y 7.22m). El 
análisis EB y el de Secciones Cruzadas revelan que el pavimentado de arcén es mayormente efectivo para 
tráficos diarios por carril de entre 5000 y 10000 vehículos. 
Palabras Clave: Carretera, arcén, pavimentado, seguridad, accidentes 
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1 INTRODUCTION AND OBJECTIVES 
The single greatest category of vehicle crashes on Interstate, multilane, and two-lane highways is run-off-
the-road incidents. These crashes often occur at high speed and at night. A potential safety hazard can 
occur when a vehicle leaves the travel lane. This hazard is due to significant material and elevation 
differences between highway pavement and shoulder surfaces, which can affect vehicle stability, reduce a 
driver’s ability to handle the vehicle, and often cause head-on, sideswipe, fixed object, and overturned 
crashes. As the product of one of the research tasks for investigating safety impacts of shoulder paving in 
Illinois, this Dissertation documents: i) calibration of Safety Performance Functions (SPFs) for rural and 
urban Interstate, multilane, and two-lane highway segments in comparison groups, respectively; ii) 
Empirical Bayesian (EB) before-after comparison of vehicle crashes on a number of rural and urban 
Interstate, multilane, and two-lane highway sites classified as treated sites with Type I treatment 
(pavement resurfacing and shoulder paving) and Type II treatment (pavement resurfacing only) and 
appropriate comparing sites without treatment; and iii) conduction of a cross-sectional evaluation on the 
effectiveness of pavement resurfacing for rural and urban Interstate, multilane, and two-lane highway 
sites with Type I treatment and Type II treatment using crash data only for the after treatment period. The 
evaluation results are presented in percent reduction in the frequency and severity of specific types of 
crashes that are potentially affected by shoulder paving. 
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2 STATE OF ART 
The information search was conducted through a review of existing literature on safety impacts of 
shoulder attributes in the country and a national survey of highway shoulder paving practices in the 
United States using a structured questionnaire.  
2.1 Review of Literature on Safety Impacts of Shoulder Attributes  
The primary shoulder attributes considered in the review are shoulder types (unpaved and paved), 
material types, and paved shoulder widths. The unpaved shoulder types generally include earth/turf, sod, 
aggregate, surface treated/sealed, and composite shoulders. The material types of paved shoulders are 
mainly classified as asphalt (including hot-mixed asphalt and recycled asphalt concrete) and concrete. The 
paved shoulder widths can be categorized into narrow, medium, and wide widths. This section 
synthesizes related studies have been conducted in the country since 1980.  
2.1.1 Safety Impacts of Outside Shoulder Attributes of Interstate Highways 
Zegeer et al. (1998) conducted a study on vehicle crash rates and the highway characteristic for the 
National Highway System (NHS) and non-NHS system in seven states- California, Illinois, Maine, 
Michigan, Minnesota, North Carolina, and Washington. The majority of NHS highways had lane widths 
of 11 ft or more, and many had shoulder width of 5 ft or more. Compared to NHS non-Interstate 
highways, NHS Interstate highways were more likely to have lane width of 12 ft or over, outside shoulder 
widths of 8 ft or over, paved shoulders, and improved median design. The overall crash rates on NHS 
highways were approximately 10 percent lower than those on non-NHS highways. For urban NHS 
highways, Interstates usually had lower crash rates than those of non-Interstates. For rural highways, 
fixed object crash rates on NHS highways were higher than those on non-NHS highways. For non-NHS 
highways, crash rates on urban highways were considerably higher than those of rural highways. The 
distribution of crashes by severity was quite similar for NHS and non-NHS highways.  
Ksaibati and Crowe (1999) collected data in Wyoming for period 1991-1995 to evaluate safety impacts of 
shoulder attributes. The data set included 8,785 crashes comprised of 3,953 Interstate crashes, 4,225 
primary crashes, and 607 secondary crashes. The study results revealed that, if a 6-ft shoulder was added 
to a highway without paved shoulder, there would be a 47.5 percent reduction in crashes. Shoulders are 
more effective under dry conditions than in wet conditions. In other words, when the pavement is 
slippery, wider shoulders would not be as effective as when the pavement is dry. Shoulders are more 
effective during daylight and on tangent sections. It was also found that by adding 2 ft of paved shoulder 
to a location with no shoulder the largest effect on the percent reduction in crashes could be achieved. The 
percent reduction in the number of crashes would steadily decrease after this point. 
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2.1.2 Safety Impacts of Outside Shoulder Attributes of Multilane Highways 
Zegeer and Perkins (1980) investigated different findings of the effects of shoulder width and condition 
on the crashes from related studies in multiple states and then gave some conclusions and 
recommendations. Many of the studies were found where crashes were reduced due to wider shoulder, 
particularly for moderate and high volume segments. However, several studies also revealed that wider 
shoulders were associated with increased crashes. The following recommendations were given: 
-  Shoulder-widening projects should not be selected randomly but should be based primarily on the 
incidence of head-on and run-off--road crashes or on the presence of oblivious highway safety 
problems. Widening should be given more considerations on moderate and high-volume highways 
and where related crashes were abnormally high. 
-  Higher priorities for shoulder widening should be given for horizontal curves and winding sections 
and then to straight, level tangent sections. 
-  On rural highways, the optimal shoulder widths would be 6-9 ft. 
-  Shoulder paving or stabilization was generally desirable from a safety stand point if conducted 
properly. Locations that had un-stabilized shoulders and history of shoulder-related crashes should be 
considered for paving stabilization. 
Fambro (1981) conducted a study on the crash rates and the characteristics on four-lane undivided 
highways without paved shoulders in Texas. Approximately 30 highways were selected and three year 
data were collected for each site. The study revealed that crashes rates increased as the traffic volume 
increased. The absence of the full-with paved shoulders increased the rate of run-off-road crashes, 
especially at the low traffic volumes. The run-off-road crash rates for four-lane undivided highways 
without paved shoulders were relatively high and varied considerably with volume, probably due to the 
lack of a paved recovery zone in the instance of departure from the travel lanes. 
In the Florida study led by Hadi et al. (1995), it was found that increasing unpaved shoulder width was 
estimated to decrease crash rates on four-lane rural highways. Furthermore, the use of an inside paved 
shoulder of 4-6 ft wide was found to be very effective in decreasing crashes on rural freeways. In 
particular, using a 6-ft shoulder width could decrease crash rate by 15.7 percent. 
Souleyrette et al. (2001) collected data on 600 miles of rural four-lane highways in Iowa to assess the 
safety impacts of shoulder attributes. Of which, 91.2 miles of highways were with paved shoulders, 452.3 
miles of highways were with granular shoulders, and 45.4 miles of highways were with granular/paved 
shoulder types. The traffic volumes differed for all segments, ranging from 4,000 to 12,000 vehicles per 
day. Based on the study results, effective value from paved shoulders could be obtained with a minimum 
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width of 2-3 ft. For highway segments with significant bicycle usage, a minimum width of 4 ft was 
suggested. Wider paved shoulders might not be cost effective except with very high traffic volumes. In 
addition, these researchers suggested that Iowa might be realizing many benefits of paved shoulders from 
the 14-ft-wide outside lane of four-lane highways and 26-ft-wide Super 2 pavement widths, resulting in 
an effective 2-foot-wide paved shoulder surface adjacent to traffic lanes. 
Fitzpatrick et al. (2005) compared crashes on rural four-lane highways in Texas. The highway segments 
in the four-lane highway dataset represented 882 miles. On those 882 miles, a total of 4,662 crashes from 
1999-2001 (1.76 annual crashes per mile) were experienced. It was found that shoulder had a significant 
impact on safety of rural four-lane highways. Based on predictions of total crashes, the ratios of total 
crashes of no shoulder, 1 ft, 2 ft, 3 ft, 4 ft, 5 ft, 6 ft, 7 ft, 8 ft, 9 ft, and 10 ft shoulders compared with 8 ft 
wide shoulders were given as 1.64, 1.54, 1.45, 1.36, 1.28, 1.20, 1.13, 1.06, 1.00, 0.94, and 0.88, 
respectively.   
2.1.3 Safety Impacts of Outside Shoulder Attributes of Two-Lane Highways  
Zegeer et al. (1981) conducted a study to determine the effect of lane width and shoulder width on safety 
benefits for rural two-lane highways in Kentucky and to determine the expected cost-effectiveness of lane 
and shoulder widening. Information concerning highway geometrics, crashes, and traffic volumes was 
obtained for more than 15,000 miles of rural two-lane highways. Average traffic volume was around 
2,500 vehicles per day. Using the before-after study approach, run-off-road and opposite-direction crashes 
were the crash types found to be associated with narrow lanes and shoulders. Wide lanes had crash rates 
lower by 10-39 percent than those for narrow lanes. Widening of shoulder widths from no shoulder to 1-3 
ft, to 4-6 ft, and to 7-9ft was found to reduce related crashes by 6 percent, 15 percent, and 21 percent, 
respectively. Widening shoulders from 1-3 ft to 4-6 ft and to 7-9 ft was found to reduce related crashed by 
10 percent and 16 percent, correspondingly. However, the crash reduction would only be 8 percent if 
widening the shoulder from 4-6 ft to 7-9 ft. Criteria based on a cost-effectiveness approach for selecting 
highway segments for widening were also presented in the study. 
Fambro (1981) conducted a study on the crash rates and the characteristics of two different types of Texas 
rural two-lane highways: two-lane highways without paved shoulder and two-lane highways with full-
width paved shoulder. Approximately 30 highways of each type were selected and three-year data were 
collected for each site. More than 777 miles of highways and 16,000 crashes were included in the study 
database. For each highway type, it was found that crash rates increased as the traffic increased. Two-lane 
highways without paved shoulders had higher crash rates and were the most sensitive to changes in the 
traffic volume. Two-lane highways with paved shoulders had lower crash rates until the daily traffic 
volume reached 7,500 vehicles. It was concluded that full-width paved shoulders were effective in 
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reducing crashes on rural two-lane highways. The lowest fatality rate for two-lane highways with paved 
shoulders was found to be 0.06 fatal crashes per million vehicle miles of travel. The absence of the full-
with paved shoulders increased the rate of run-off-road crashes, especially at low traffic volumes. The 
two-lane highways with paved shoulders had a fairly uniform rate of roll-off-road crashes, whereas the 
rate for two-lane highways without paved shoulders was of a higher level and varied considerably with 
traffic volumes. The most probable reason for the variation and thigh run-off-road rates at low volumes 
was driver inattentiveness and lack of a paved recovery zone for encroached vehicles. 
Barbaresso and Bair (1983) studied crash implications of shoulder width on two-lane rural highways in 
California.  Data collected for the study were of 673 miles of two-lane highways from the Oaklane major 
county highways. By considering traffic volume and sample size and other factors, these researchers 
concluded that highways with shoulders greater than 3 ft and less than 7 ft wide had significantly fewer 
fixed-object crashes than highways with wider shoulders. It was further concluded that the fixed object 
crash frequency was significantly lower for highways with shoulders smaller than 7 ft wide than that for 
highways with wider shoulders. 
Urbanik and Bonilla (1987) assessed the effectiveness of inside shoulder removals to increase the freeway 
capacity in California. Data were collected from seven highway segments located in Los Angeles country, 
and one segment located in each of the following counties in southern California: Orange, Marin, 
Alameda, Contra Costa, and San Diego. Many of these segments were less than one mile in length, and, 
except for I-405, all continuous sub-segments were less than 2 miles long. The average daily traffic was 
close to or greater than 100,000 vehicles per day for all segments. It was concluded that the absence of a 
shoulder would increase crash severity even if the overall number of crashes decreased. Based on three 
fatal crashes before and seven fatal crashes after the inside shoulder removals, the fatal crash rate for the 
entire before and after treatment period was 0.0031 crash per million vehicle miles of travel. The fatal and 
injury crash rates were further combined on a before-and-after basis, a paired t-test indicated that the 
difference between before and after treatment period was not statistically significant. However, the 
property damage crashes decreased significantly after the removal of the inside shoulders. 
Zegeer et al. (1988) performed a study using data from California, Illinois, Maine, Michigan, Minnesota, 
North Carolina, and Washington to determine the effect on crashes of lane widening, shoulder widening, 
and shoulder paving. Detailed traffic, crash, highway, and roadside data were collected on 4,951 miles of 
two-lane highways in seven states. Statistical testing was used along with a crash prediction model to 
determine the expected crash reductions related to various geometric improvements. Crash types found to 
be most related to cross-section features included head-on, sideswipe (same direction and opposite 
direction), and run-off-road crashes. The roadway variables found to be associated with a reduced 
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incidence of these related crash types are wider lanes, wider shoulders (paved shoulders are slightly safer 
than unpaved shoulders), better roadside conditions, flatter terrain, and lower traffic volumes. Lane 
widening was shown to reduce related crashes by 12 percent for 1ft of widening (for example, 10-ft lanes 
to 11-ft lanes), 23 percent for 2 ft of widening, 32 percent for 3 ft of widening, and 40 percent for 4 ft of 
widening. The effects of shoulder widening on related crashes was determined for paved and unpaved 
shoulders. The percent reductions in head-on, sideswipe, and run-off-road crashes are 13 percent and 16 
percent for 2 ft of unpaved and paved shoulder widening per side, 25 percent and 29 percent for 4 ft of 
unpaved and paved shoulder widening per side, 35 percent and 40 percent for 6 ft of unpaved and paved 
shoulder widening per side, and 43 percent and 49 percent for 8 ft of unpaved and paved shoulder 
widening per side, respectively. Zegeer et al. (1994) further investigated the relationships of safety and 
shoulder width using a primary database of approximately 2,400 miles of rural two-lane, low volume 
highways with average daily traffic of 2,000 or below from seven states (California, Illinois, Maine, 
Michigan, Minnesota, North Carolina, Washington) used for the 1988 study. This database was 
supplemented with data from approximately1,700 miles of paved and unpaved two-lane highways 
(mostly rural local and collector highways) from Michigan, North Carolina, and Utah, which eventually 
augmented the primary database to approximately 4,100 miles of rural two-lane, low-volume highways. 
Two of the independent databases used for validation came from Illinois and Minnesota. Based on the 
primary data set, the presence of a shoulder was found to be associated with a significant crash reduction 
for lane widths of 10 ft or wider. For 10-ft lanes, a shoulder of 5 ft or greater was found to be needed to 
affect crash rate significantly. For 11 ft and 12 ft lane widths, shoulders of 3 ft or greater were associated 
with significant crash reductions. With 13-ft lanes, the crash rate for shoulders of 5 ft or wider was one-
half that for narrower shoulders. For lanes of 8 and 9 ft, due to real-world limitations in sample sizes (e.g., 
few highways have wide shoulders with narrow lanes), the effect of shoulder width could not be 
quantified. For 10-ft lanes, crash rates were 0.98 per million vehicle miles of travel lower when shoulders 
exceeded 4 ft than for shoulders of 3 ft or less. For 11ft and 12-ft lanes, shoulder widths of 3 ft or greater 
reduced the crash rate by 0.56 per million vehicle miles of travel as compared with lanes of same lane 
width, but narrower shoulders. The 11-ft and 12-ft lane crash rates were identical after controlling for 
shoulder widths. 
Cottrell (1993) conducted cost analysis of paved shoulders. It was found that thirty-two out of the thirty 
five state transportation agencies (91.4 percent) used paved shoulders on two-lane highways in their 
design standards to some degree. Minimum paved shoulder widths of at least 2 ft were used by 21 of the 
32 state transportation agencies (65.6 percent). A 2-ft minimum paved shoulder was used by 10 of the 32 
state transportation agencies (31.3 percent). Most or all shoulders were paved by 15 state transportation 
agencies (42.9 percent). It was revealed that to pave 2 ft of shoulders on all two-lane highways with 
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pavement widths of 20 ft or wider would provide the most widespread impact. Fifteen state transportation 
agencies (42.9 percent) paved most or all shoulders on arterials/primary/state highways. Fourteen state 
transportation agencies (40 percent) use a threshold to determine when to use paved shoulders. This study 
also found that when an unpaved shoulder was changed to a 2 ft paved shoulder with the remainder 
unpaved, a 2.6 percent reduction in crash frequency could be realized. When the lane width was increased 
by 1 ft and 1 ft of the shoulder width was paved, a 6.9 percent reduction in crash frequency could be 
realized as compared with only paving a 2-ft shoulder. 
Hadi et al. (1995) estimated safety effects of cross-section design for various types of highways using 
negative binomial regression. In this study, a largest number of segments were taken from the Florida 
state highway system. For each segment, four years of data on highway geometrics, traffic, and crashes 
were collected from the Florida DOT’s roadway characteristics inventory (RCI) system and computerized 
motor vehicle crash record system. Data from the two systems were linked through their common location 
reference system. Greater shoulder width (both paved and unpaved) was found to be associated with 
lower crash rates on rural two-lane highways. In particular, using a 6-ft shoulder width could decrease 
crash rate by 15.7 percent. 
North Carolina. Klop and Khattak (1999) investigated factors such as shoulder attributes and speed limits 
influencing bicycle crash severity on rural two-lane, undivided highways in North Carolina. Four-year 
crash data from 1990 through 1993 including 60 bicyclist fatalities and 947 injuries were collected for the 
study. The shoulder width of any size was found to have no statistically significant effects on the bicycle 
crash severity compared to the absence of a shoulder. Shoulder widths of 1 ft to 3 ft did not have a 
statistically significant influence on the severity of the crash compared to all shoulder widths of greater 
than 3 ft. An interaction of the speed-limit and the shoulder-width variables revealed a significant 
decrease in injury severity at 90 percent confidence level. This suggested that as speed limit increased, the 
presence of a shoulder significantly reduced injury severity in bicycle-related crashes. 
Abboud et al. (2001) evaluated the crash experience of two-lane rural highways in Alabama before and 
after installing 2-ft and 4-ft shoulders. Data were collected for 263 miles of 2-ft shoulders and 404 miles 
of 4-ft shoulders in 11 rural Alabama counties. None of the highways evaluated were within incorporated 
town or city limits. The data included construction costs of 59 highway segments and a total of 1,763 
crashes. The study could not discern any statistically significant differences in either crash rate or severity 
rate between 2-ft and 4-ft shoulder installations. In addition, this study did not show the increased 
construction cost of 4-ft shoulders on state routes to be justified by an increase in traffic safety unless 
considering the operational benefits such as increased maneuverability at intersections and refuge area for 
inoperable vehicles. 
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Fitzpatrick et al. (2005) compared crashes on rural two-lane highways in Texas. The highway segments in 
the two-lane highway dataset represented 3,944 miles of highways that experienced 4,117 crashes from 
1999-2001 (0.35 annual crashes per mile). It was found that shoulder had a significant impact on safety of 
rural two-lane highways. Based on predictions of total crashes, the ratios of total crashes of no shoulder, 1 
ft, 2 ft, 3 ft, 4 ft, 5 ft, 6 ft, 7 ft, 8 ft, 9 ft, and 10 ft shoulders compared with the 8 ft wide shoulders were 
given as 1.62, 1.52, 1.43, 1.35, 1.27, 1.20, 1.13, 1.06, 1.00, 0.94, and 0.89, respectively.   
Gårder (2006) used crash data on rural two-lane highways in Maine to study the safety impacts of 
shoulder attributes. Data set in this study was provided by Maine DOT and covered all head-on crashes 
for 2000-2002 during which period there were 3,136 reported head-on crashes. Of which, 127 were fatal 
crashes and 235 produced incapacitating but not fatal injuries. On average, 12.1 percent of those crashes 
resulted in fatal or incapacitating injuries. Without regard the traffic volumes, highways with no shoulders 
or 1-ft shoulders had a lower percentage of crashes resulting in serious injuries than other highways. The 
2-4 ft shoulder width category had a risk of serious injuries very similar to the average whereas all 
categories of highways with shoulders wider than 5 ft had a higher risk of serious injuries than the 
average for the combined shoulder widths of 5-10 ft. If combining the highway segments with traffic 
volumes above 4,000, there was a clear tendency that narrower shoulders gave a lower percentage serious 
injuries and wider shoulders (7 ft or wider) gave a higher chance of fatalities and incapacitating injuries. 
If combining the highway segments with traffic volumes below 2,000, there was also a tendency that no 
shoulders gave fewer serious injuries than wider shoulders. A similar analysis was conducted for rural 
two-lane highways with traffic volumes above 4,000 and a speed limit of 50 mph. There was a tendency 
that wider shoulders had a higher percentage of crashes producing serious injuries (23 percent for 
highways with shoulders at least 7 ft wide compared to 18 percent for highways with narrower shoulders).  
Gross and Jovanis (2007) estimated safety effectiveness of changes in shoulder width using data collected 
from rural two-lane undivided highway segments in Pennsylvania. Two safety studies were conducted, 
the 1st one was case control and the 2nd one is cohort method. In the first study the analysis focused on 
head-on, sideswipe, and run-off-road crashes. The segments were grouped by facility type, average daily 
traffic, number of access points, lane width, and shoulder width. It was concluded that the crash reduction 
was reported of up to 21 percent when a 9-ft shoulder was compared with no shoulder. The second study 
used a multiplication crash prediction model of related crash type, including head-on, sideswipe, and run-
off-road crashes. This included average daily traffic, lane width, paved and unpaved shoulder widths, and 
roadside hazard rating. Terrain, grade, and horizontal curvature were all associated with the number of 
crashes, but terrain was the only one of the three variables included in the model. It was found that for 
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shoulder widening of 2ft and 8ft the crash reductions were 16 to 49 percent for paved shoulders and 13 to 
43 percent for unpaved shoulders, respectively.    
Örnek and Drakopoulos (2007) analyzed run-off-road crashes in relation to highway features and driver 
behavior using data on 5,792 miles of rural two-lane highways in the Wisconsin state highway system 
that had 3-ft paved shoulders. These segments had a run-off-road crash rate of 50.3 crashes per 100 
million vehicle miles of travel. It was found that the crash rate would reduce for two-lane rural highways 
with 3-ft shoulders when additional unpaved shoulder width was provided. However, crash rate 
reductions would taper off for additional unpaved shoulder widths in excess of 7 ft. When a quadratic 
regression model was calibrated using total right shoulder width (paved plus unpaved width) as the 
independent variable, it was shown that a crash rates became lower as the width increases from 1 ft to 10 
ft. Additional shoulder width did not reduce crash rates any more. When it came to run-off-road crashes 
on rural two-lane highways, crash rates decreased in direct relation to the available right shoulder width, 
up to a width of 10 ft. An optimal paved shoulder width was found to be 3 ft and additional safety 
benefits correlate well with the width of any available additional unpaved shoulder. 
2.2 Questionnaire Survey of Current Shoulder Paving Practices  
The State traffic/highway/transportation safety engineers in the country were contacted via the Safety 
Engineer listserv to participate in a 3-week survey in June 2008 regarding current shoulder paving 
practices nationwide. A link to the online survey Website was provided to facilitate filling out the 
questionnaire on-line. An electronic copy of the questionnaire in Microsoft Word format was also 
prepared to allow more options for participation. A respondent may choose to submit the completed 
survey online, via email or by fax.    
The survey questionnaire consists of thirteen questions. Questions one and two seek information on 
materials used for unpaved and paved shoulders. Question three asks for the minimum and maximum 
width ranges of narrow, medium and wide width paved shoulders. Question four deals with factors 
influencing shoulder design standards. Question five inquires measures for addressing drop-offs at edge 
of shoulders to minimize impacts of roadway departures. Questions six and seven are concerned with 
common practices of shoulder paving width and thickness. Question eight is related to the useful service 
lives of paved shoulders using difference shoulder paving materials. Questions nine and ten check the 
type and severity level of crashes affected by shoulder type, presence of paved shoulder, and paved 
shoulder width. Question eleven focuses on unit rates of crashes classified by crash severity level. 
Question twelve asks for criteria used for establishing the Property Damage Only (PDO) equivalency 
factors for fatal and injury A, B, and C crashes. Question thirteen inquires information on the average 
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costs of shoulder paving treatments using difference types of materials. Additional space was provided in 
the end of the questionnaire to collected comments from survey respondents. 
2.2.1 Types of Materials Commonly Used for Unpaved Shoulders 
Table 2.1 summarizes the responses of types of materials commonly used for unpaved shoulders. For 
Interstate highways, thirty three percent use aggregates and 11 percent conducts surface treatments for 
both inside and outside shoulders. For multilane undivided highways, forty four percent of the States use 
aggregates, and 11 percent uses earth/turf/dirt and sod. For multilane divided highways, thirty three 
percent of the States use aggregates, 11 percent uses sod, and 11 percent conducts surface treatments for 
both inside and outside shoulders. For two-lane highways, sixty seven percent of the participating States 
use aggregates, 11 percent uses earth/turf/dirt and sod, and 11 percent conducts surface treatments. 
Table 2.1. Types of Materials Commonly Used for Unpaved Shoulders 
Unpaved Shoulder  
Material Type 
Interstate Multilane Two-LaneDivided Undivided Inside Outside Inside Outside 
Earth/turf/dirt 0% 0% 0% 0% 11% 11% 
Sod 0% 0% 11% 11% 11% 11% 
Aggregate 33% 33% 33% 33% 44% 67% 
Surfaced treated 11% 11% 11% 11% 0% 11% 
Others 22% 
 
2.2.2 Types of Materials Commonly Used for Paved Shoulders 
As shown in Table 2.2, the most commonly used material for shoulder paving is hot mix asphalt and the 
least commonly used material is recycled asphalt concrete. Irrespective of highway classifications, 78 
percent of the participating States use hot mix asphalt as the shoulder paving material. Forty four percent, 
thirty three percent, and twenty two percent of the States use Portlane cement concrete for Interstate 
highways, multilane non-Interstate highways, and two-lane highways, respectively. Twenty two and 
eleven percent of the States use recycled asphalt concrete for Interstate highways, multilane, and two-lane 
highways, correspondingly. 
 
Table 2.2. Types of Materials Commonly Used for Paved Shoulders 
Paved Shoulder  
Material Type 
Interstate Multilane Two-LaneDivided Undivided Inside Outside Inside Outside 
Hot-mix asphalt 78% 78% 78% 78% 78% 78% 
Recycled asphalt concrete 22% 22% 11% 11% 11% 11% 
Portlane cement concrete 44% 44% 33% 33% 22% 22% 
Others 11% 
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2.2.3 Minimum and Maximum Width Ranges of Narrow, Medium, and Wide Width Paved 
Shoulders  
As Table 2.3, for divided highways including Interstate and multilane non-Interstate highways, the 
outside shoulder width is wider than insider shoulder width. For each width range of outside or inside 
shoulders, the width used for Interstate highways is higher than that of multilane non-Interstate highways. 
The minimum and maximum ranges of narrow, medium, and wide width paved shoulders are similar 
between multilane undivided non-Interstate and two-lane highways. 
For Interstate highways, the ranges of narrow, medium, and wide width paved outside shoulders 
commonly used are 8-10 ft, 8-10 ft, and 9-12 ft. The inside paved shoulder widths are 4 ft, 4-8 ft, and 4-
10 ft, respectively. For multilane divided highways, the ranges of narrow, medium, and wide width paved 
outside shoulders commonly used are 4-10 ft, 4-10 ft, and 8-12 ft. While the inside paved shoulder widths 
are 2-6 ft, 2-10 ft, and 2-10 ft. For multilane undivided highways, the ranges of narrow, medium, and 
wide width paved shoulders commonly used are 1-4 ft, 4-10 ft, and 8-10 ft. For two-lane highways, the 
ranges of narrow, medium, and wide width paved shoulders commonly used are 1-4 ft, 4-8 ft, and 8-10 ft.  
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Table 2.3. Minimum and Maximum Width Ranges of Narrow, Medium, and Wide Width Paved 
Shoulders for Interstate, Multilane, and Two-Lane Highways  
Paved 
Width 
(ft) 
Interstate Multilane Two-Lane Divided Undivided 
Narrow Medium Wide Narrow Medium Wide 
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1 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%      
2 0% 0% 0% 0% 0% 0% 0% 22% 0% 22% 0% 11% 11% 0% 0% 44% 0% 0%
3 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 11%
4 0% 56% 0% 33% 0% 33% 22% 44% 22% 22% 11% 22% 33% 22% 11% 22% 33% 0%
5 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
6 0% 0% 0% 0% 0% 11% 0% 11% 0% 11% 0% 11% 11% 22% 0% 0% 22% 0%
7 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
8 22% 0% 11% 11% 0% 0% 33% 0% 22% 11% 44% 11% 11% 22% 33% 0% 11% 33%
9 11% 0% 11% 0% 11% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
10 22% 0% 22% 0% 67% 44% 33% 0% 33% 11% 44% 22% 11% 11% 56% 0% 0% 67%
11 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
12 0% 0% 0% 0% 11% 0% 0% 0% 0% 0% 11% 0% 0% 0% 0% 0% 0% 0%
> 12 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
 
2.2.4 Key Factors Influencing Highway Shoulder Design Standards  
As Table 2.4, highway functional classification, traffic volume, and non-motorized user are found to be 
key factors influencing shoulder design standards for highways. Sixty seven to seventy eight percent of 
the participating States consider highway functional classification as being the most influential factor. 
Thirty three to sixty seven percent of the States consider traffic volume for shoulder design. Twenty two 
to thirty three percent incorporate non-motorized user considerations for shoulder design. In addition, 
some States consider truck percentage, horizontal alignment, and total roadway width for shoulder design. 
No State has considered vertical alignment, travel way width, and median type and width.    
Fifty six percent of the participating States replied in the “Other” category. The related factors include 
number of travel lanes, crash history, environmental impacts, surrounding lane use, and available right-of-
way. 
 
 
 
Table 2.4. Key Factors Influencing Paved Shoulder Design Standards  
Influential Factor Interstate 
Multilane Two-
Lane Divided Undivided Inside  Outside Inside Outside 
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Highway functional classification  67% 67% 78% 78% 67% 78% 
Horizontal alignment 11% 11% 11% 11% 11% 11% 
Vertical alignment 0% 0% 0% 0% 0% 0% 
Travel lane width 0% 0% 0% 0% 0% 0% 
Total roadway width 11% 11% 11% 11% 11% 11% 
Median type 0% 0% 0% 0% 0% 0% 
Median width 0% 0% 0% 0% 0% 0% 
Traffic volume 33% 33% 33% 33% 44% 67% 
Truck percentage 11% 11% 0% 0% 0% 0% 
Non-motorized users 22% 22% 22% 22% 33% 33% 
Other 56% 
 
2.2.5 Minimizing Impacts of Roadway Departures by Addressing Drop-offs at Edge of Shoulders  
Of the two listed measures for addressing drop-offs at edge of shoulder as Table 2-5, general aggregate 
shoulder grading is used more popular than use of “safety edge”. Thirty three percent use general 
aggregate shoulder grading for Interstate and multilane non-Interstate highways, while forty four percent 
of the participating States use this measure for two-lane highways. Only eleven percent of the States is 
currently using “safety edge” to minimize impacts of roadway departures.  
Fifty six percent of the participating States replied in the “Other” category. The related measures include 
2-ft widening outside lane width for structural support and drop-offs, systematic installations of rumble 
stripes, and 3-ft paved shoulder as minimum to mitigate roadway departures. Also, one State indicated 
that it is currently in the process of modifying standards to use “safety edge”.  
Table 2.5. Minimize Impacts of Roadway Departures by Addressing Drop-off at Edge of Shoulders 
Measure Interstate 
Multilane Two-
Lane Divided Undivided Inside  Outside Inside Outside 
Use of "safety edges"  11% 11% 11% 11% 11% 11% 
General aggregate shoulder grading 33% 33% 33% 33% 44% 44% 
Other 56% 
 
2.2.6 Common Practices of Shoulder Paving Width 
Based on responses of the participating States as summarized in Table 2.6, the use of narrow, medium, 
and wide width paved shoulders for Interstate, multilane non-Interstate, and two-lane highways varies 
from 22 to 67 percent, 0 to 56 percent, and 0 to 33 percent, respectively. For Interstate highways, a higher 
percent of States uses medium and wide width paved inside shoulders, but only use wide width paved 
outside shoulders. For multilane divided non-Interstate highways, a higher percent of States uses medium 
width paved inside shoulders and wide width paved outside shoulders. For multilane undivided non-
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Interstate highways, a higher percent of States uses medium and wide width paved shoulders. For two-
lane highways, a higher percent of States uses medium width paved shoulders. 
Twenty two percent of the participating States replied in the “Other” category. They indicated that paved 
shoulder width varies from project to project. Typically, on major highways there will be a minimum of 
4-ft paved shoulders, but most projects will pave 6-ft to 8-ft of existing shoulder width. Most minor roads 
will have 2-ft non-paved shoulders.  
Table 2.6. Common Practices of Shoulder Paving Width 
Shoulder Paving Width Interstate 
Multilane Two-
Lane Divided Undivided Inside  Outside Inside Outside 
Never uses paved shoulders  0% 0% 0% 0% 0% 0% 
Uses narrow width paved shoulders 22% 0% 22% 0% 11% 33% 
Uses medium width paved shoulders 33% 0% 44% 22% 44% 56% 
Uses wide width paved shoulders 33% 67% 22% 56% 44% 44% 
Other 22% 
 
2.2.7 Common Practices of Shoulder Paving Thickness 
As Table 2.7, twenty two to thirty three percent of the participating States indicated that the paved 
shoulder thickness is kept the same as the resurfaced pavement thickness. Eleven to twenty two percent of 
the States do not use a rigid rule to determine the paved shoulder thickness.  
Forty four percent of the participating States replied in “Other” category. Some States use a minimum of 
8-10 inch thick shoulders for Interstate highways and 6-inch thick hot-mix asphalt concrete for inside and 
outside shoulders of multilane non-Interstate and two-lane highways. Some States use 3-6 inches of paved 
shoulders. Other States use variable depth from 2 inches to full depth of overlays, depending on truck 
traffic, horizontal curvature, etc. 
 
Table 2.7. Common Practices of Shoulder Paving Thickness  
Shoulder Paving Thickness Interstate 
Multilane Two-
Lane Divided Undivided Inside  Outside Inside Outside
Never uses paved shoulders  0% 0% 0% 0% 0% 0% 
Same thickness as resurfaced pavements 22% 22% 33% 33% 33% 33% 
No rigid rule to follow 22% 22% 11% 11% 11% 11% 
Other 44% 
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2.2.8 Estimated Service Lives for Paved Shoulders 
As Table 2.8, average service lives of hot-mix asphalt, recycled asphalt concrete, and Portlane cement 
concrete are 18, 18, and 26 years, respectively.  
For responses in the “Other” category, the respondents indicated that the shoulder useful service lives are 
10 to12 years if the pavement treatment is part of an overlay, and 20 years if the pavement treatment is 
part of a reconstruction. In general, the service life of paved shoulders could be treated the same as the 
service life of roadway mainline. 
Table 2.8. Estimated Service Lives of Paved Shoulders 
  Shoulder Material Type  Average Service Life (Year) 
Hot-mix asphalt 18 
Recycled asphalt concrete 18 
Portlane cement concrete 26 
Other 2 
 
2.2.9 Types of Crashes Related to Shoulder Attributes 
As Table 2.9, generally a higher percent of the participating States indicated that the absence/ presence of 
paved shoulder would affect different types of crashes as compared to the percentages given to shoulder 
type and paved shoulder width. For head-on and sideswipe crashes, a higher percent is given to the 
absence/ presence of paved shoulder as those of shoulder type and paved shoulder width. For fixed object 
crashes, same percentages are given to shoulder type, absence/ presence of paved shoulder, and paved 
shoulder width. For overturn crashes, a lower percent is given to paved shoulder width. 
Forty four percent of the participating States replied in the “Other” category. The respondents generally 
indicated that paved shoulder width will be less of an issue when used with rumble stripes.  
Table 2.9. Types of Crashes Related to Shoulder Type, Absence/ Presence of Paved Shoulder, and 
Paved Shoulder Width  
Crash Type Shoulder Type 
Absence/ 
Presence of 
Paved 
Shoulder 
Paved 
Shoulder 
Width 
Head-on crashes with a vehicle in the opposite direction 22% 44% 22% 
Sideswipe crashes with a vehicle in the same direction 22% 33% 22% 
Sideswipe crashes with a vehicle in the opposite direction 22% 44% 22% 
Fixed object crashes in the same or opposite directions 33% 33% 33% 
Overturn in road or roadside in the same or opposite direction 33% 33% 11% 
Other 44% 
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2.2.10 Severity Levels of Crashes Related to Shoulder Attributes 
As Table 2.10, a higher percent of the participating States indicated that the absence/ presence of paved 
shoulder would affect different severity levels of crashes as compared to the percentages given to 
shoulder type and paved shoulder width. For fatal and injury A crashes, higher percentages are given to 
the absence/ presence of paved shoulder and paved shoulder width as compared to that of shoulder type. 
For Type B and Type C injury, and PDO crashes, a higher percent is given to absence/ presence of paved 
shoulder, and same percentages are given to shoulder type and paved shoulder width. 
Twenty two percent of the participating States replied in the “Other” category. The respondents generally 
indicated that shoulder type, absence/ presence of paved shoulder, and paved shoulder width influence 
crashes at all severity levels, but it is not clear as to which attribute has a higher extent of impacts due to 
lack of crash data in some instances.  
Table 2.10. Severity Levels of Crashes Related to Shoulder Type, Absence/ Presence of Paved 
Shoulder, and Paved Shoulder width  
Crash Severity Level Shoulder Type 
Absence/ Presence 
of Paved Shoulder 
Paved Shoulder 
Width 
Fatal 22% 33% 33% 
Type A injury - disabling 22% 33% 33% 
Type B injury- evident 22% 44% 22% 
Type C injury- possible 22% 33% 22% 
Property damage only (PDO) 22% 44% 22% 
Other (please specify) 22% 
 
2.2.11 Unit Rates for Different Crash Severity Levels Adopted for Safety Project Evaluation 
As Table 2.11, the average unit rates given by the participating States are $3,373,333 for a fatal crash, 
$419,167 for a Type A injury crash, $66,000 for a Type B injury crash, $39,000 for a Type C injury crash, 
and $6,960 for a PDO crash, respectively. 
Table 2.11. Unit Rates for Different Crash Severity Levels for Safety Project Evaluation 
Unit Rates for Different Crash Severity Number of responses Average Cost of Different Crash Severity 
Fatal 5 3,373,333 
Type A injury- disabling 5 419,167 
Type B injury- evident 5 66,000 
Type C injury- possible 4 39,000 
PDO 4 6,960 
 
2.2.12 Criteria Used for Establishing the PDO Equivalent Crashes 
As Table 2.12, the average PDO equivalency factors assigned by the participating States are 8 for fatal, 6 
for Type A injury, 3 for Type B injury, and 2 for Type C injury crashes, correspondingly. 
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Table 2.12. Criteria Used for Establishing the PDO Equivalency Crashes 
Criteria Used for Equivalency Factor PDO Equivalency 
One Fatal crash        
One Type A injury crash  
One Type B injury crash  
One Type C injury crash  
8 PDO crashes 
6 PDO crashes 
3 PDO crashes 
2 PDO crashes 
 
2.2.13 Cost Estimates of Shoulder Paving Using Different Materials 
The average costs of shoulder paving were separately provided for hot-mix asphalt and Portland cement 
concrete. For the use of hot-mix asphalt materials, the costs per linear ft are $69 for inside shoulders of 
Interstate and multilane divided non-Interstate highways, $119 for outside shoulders of Interstate and 
multilane divided non-Interstate highways, 106 for multilane undivided non-Interstate highways, and $59 
for two-lane highways. Only one State provided cost information on shoulder paving using Portland 
cement concrete materials. The average cost is $580 per cubic yard for all classes of highways. 
Table 2.13. Cost Estimates of Shoulder Paving using Different Materials  
Average Cost Interstate 
Multilane Two-
Lane Divided Undivided Inside  Outside Inside Outside
Hot-mix asphalt ($/ linear ft) 69 119 69 119 106 59 
Portland cement concrete ($/cubic yard) 580 580 580 580 580 580 
 
2.3 Characteristics of Shoulder Attributes  
The analysis was separately conducted for inside shoulder and the outside shoulder (Type 1 and Type 2) 
for rural and urban Interstate, multilane non-Interstate, and two-lane highway segments. Shoulder 
attributes considered include shoulder type and paved shoulder width. The analysis results using the 
processed data set are briefly described as follows:     
Distribution of Inside Shoulder Type (1 and 2). Inside shoulder type is categorized in nine categories as 
indicated in the tables below. Table 4.26 shows the distribution of inside shoulder Type 1 and Table 4.27 
shows the distribution of inside shoulder Type 2 for rural and urban highways, respectively. All 
Interstates have paved inside shoulders. Most two-lane highways do not have paved inside shoulders.  
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Table 2.14(a). Distribution of Segment Type 1 Inside Shoulder for Rural Highways 
Distribution of Inside Shoulder Type 1 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 97% 98% 99% 96% 99% 98% 98%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 3% 2% 1% 4% 1% 2% 2%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  54% 55% 55% 50% 53% 50% 51%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 8% 3% 2% 5% 1% 7% 6%
3 - Aggregate 8% 9% 7% 8% 7% 6% 6%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 22% 20% 26% 31% 28% 29% 30%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 8% 13% 10% 7% 10% 8% 7%
Two-Lane 0 - None  99% 98% 99% 99% 99% 99% 99%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 1% 2% 1% 1% 1% 1% 1%
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Table 2.14 (b). Distribution of Segment Type 1 Inside Shoulder for Urban Highways 
Distribution of Inside Shoulder Type 1 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 1% 0% 0% 0% 0% 0% 1%
3 - Aggregate 1% 0% 0% 0% 0% 1% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 75% 71% 80% 81% 79% 82% 82%
6 - Concrete-Untied 8% 14% 9% 7% 8% 7% 8%
7 - Concrete-Tied 2% 2% 1% 2% 2% 1% 1%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 13% 14% 10% 9% 10% 9% 9%
Multilane  0 - None  78% 77% 81% 79% 77% 75% 75%
1 - Earth  0% 1% 0% 0% 1% 1% 1%
2 - Sod 2% 0% 0% 1% 1% 1% 1%
3 - Aggregate 2% 2% 1% 1% 2% 1% 1%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 6% 4% 4% 7% 4% 7% 9%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 13% 16% 13% 11% 16% 14% 13%
Two-Lane 0 - None  99% 98% 99% 99% 99% 99% 99%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 1% 1% 1% 1% 1% 1% 1%
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Table 2.15 (a). Distribution of Segment Type 2 Inside Shoulder for Rural Highways 
Distribution of Inside Shoulder Type 2 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  53% 58% 75% 61% 64% 60% 59%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 4% 4% 2% 2% 3% 2% 2%
3 - Aggregate 42% 38% 23% 37% 33% 38% 39%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  91% 89% 85% 84% 84% 85% 86%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 2% 2% 2% 2% 3% 2%
3 - Aggregate 6% 9% 13% 14% 14% 12% 12%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Two-Lane 0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
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Table 2.15 (b). Distribution of Segment Type 2 Inside Shoulder for Urban Highways 
Distribution of Inside Shoulder Type 2 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  82% 91% 93% 84% 90% 85% 87%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 4% 4% 2% 3% 3% 3% 2%
3 - Aggregate 14% 5% 5% 13% 7% 13% 12%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  99% 99% 100% 99% 99% 98% 98%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 1% 1% 0% 1% 1% 2% 2%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Two-Lane 0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
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Distribution of Outside Shoulder Type (1 and 2). Outside shoulder type is categorized in nine categories 
as indicated in the tables below. Table 4.28 shows the distribution of outside shoulder Type 1 and Table 
4.29 shows the distribution of outside shoulder Type 2 for rural and urban highways, respectively. All 
Interstates have paved outside shoulders. Most multilane non-Interstates have paved shoulders while most 
two-lane highways have stabilized or paved outside shoulders.  
Table 2.16(a). Distribution of Segment Type 1 Outside Shoulder for Rural Highways 
Distribution of Outside Shoulder Type 1 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 0% 0% 0% 0%
3 - Aggregate 0% 0% 0% 0% 0% 0% 0%
4 - Surface Treated 1% 0% 0% 0% 0% 0% 0%
5 - Bituminous 92% 94% 97% 95% 95% 95% 95%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 7% 6% 3% 4% 4% 4% 4%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 2% 2% 2% 1% 1% 1%
3 - Aggregate 21% 23% 17% 17% 18% 17% 17%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 55% 42% 53% 62% 55% 61% 62%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 2% 4% 3% 1% 2% 2% 2%
9 - Curb and Gutter 20% 30% 24% 18% 23% 19% 18%
Two-Lane 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 10% 7% 5% 7% 7% 7% 11%
3 - Aggregate 40% 47% 32% 29% 39% 39% 38%
4 - Surface Treated 0% 1% 0% 0% 1% 0% 0%
5 - Bituminous 46% 43% 61% 61% 49% 51% 48%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 2% 1% 0% 1% 2% 2% 1%
9 - Curb and Gutter 1% 2% 1% 1% 2% 1% 1%
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Table 2.16 (b). Distribution of Segment Type 1 Outside Shoulder for Urban Highways 
Distribution of Outside Shoulder Type 1 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 0% 0% 0% 1% 0% 0% 0%
3 - Aggregate 3% 4% 2% 5% 3% 2% 3%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 86% 83% 88% 80% 87% 89% 90%
6 - Concrete-Untied 0% 0% 1% 1% 1% 1% 0%
7 - Concrete-Tied 2% 2% 1% 2% 2% 1% 2%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 9% 12% 7% 11% 7% 7% 6%
Multilane  0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 1% 1% 1% 0% 0% 1% 1%
3 - Aggregate 7% 7% 6% 6% 6% 6% 6%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 27% 17% 34% 41% 23% 29% 32%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 1% 0% 0% 1% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 64% 74% 59% 52% 69% 64% 60%
Two-Lane 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 3% 1% 3% 3% 5% 4%
3 - Aggregate 25% 30% 21% 18% 30% 25% 26%
4 - Surface Treated 0% 1% 1% 0% 1% 1% 0%
5 - Bituminous 33% 30% 53% 56% 35% 34% 32%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 3% 1% 0% 1% 2% 2% 2%
9 - Curb and Gutter 35% 36% 25% 23% 29% 34% 35%
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Table 2.17(a). Distribution of Segment Type 2 Outside Shoulder for Rural Highways 
Distribution of Outside Shoulder Type 2 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  52% 54% 75% 59% 63% 59% 58%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 5% 5% 2% 3% 4% 3% 3%
3 - Aggregate 43% 40% 23% 38% 33% 38% 39%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  79% 85% 84% 75% 79% 72% 75%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 4% 0% 1% 2% 1% 3% 3%
3 - Aggregate 12% 14% 15% 19% 20% 20% 18%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 3% 0% 0% 2% 0% 2% 3%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 2% 0% 0% 2% 0% 1% 1%
9 - Curb and Gutter 0% 0% 0% 1% 0% 0% 0%
Two-Lane 0 - None  68% 72% 79% 75% 69% 65% 67%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 11% 10% 8% 9% 12% 12% 11%
3 - Aggregate 19% 17% 12% 14% 18% 20% 19%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 1% 1% 1% 1% 0% 1% 1%
9 - Curb and Gutter 1% 0% 0% 1% 1% 2% 1%
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Table 2.17(b). Distribution of Segment Type 2 Outside Shoulder for Urban Highways 
Distribution of Outside Shoulder Type 2 2000 2001 2002 2003 2004 2005 2006 
Interstate 0 - None  77% 86% 92% 80% 87% 81% 84%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 5% 5% 2% 5% 4% 4% 4%
3 - Aggregate 17% 9% 6% 15% 8% 15% 14%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 0% 0% 0%
9 - Curb and Gutter 0% 0% 1% 0% 0% 0% 0%
Multilane  0 - None  93% 95% 96% 94% 95% 93% 93%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 1% 0% 0% 1% 0% 2% 1%
3 - Aggregate 2% 2% 2% 2% 2% 3% 3%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 1% 0% 0% 1% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 2% 1% 0% 1% 0% 1% 1%
9 - Curb and Gutter 1% 2% 2% 1% 2% 1% 1%
Two-Lane 0 - None  80% 84% 91% 85% 83% 80% 81%
1 - Earth  0% 0% 0% 0% 0% 0% 0%
2 - Sod 3% 3% 2% 2% 3% 4% 3%
3 - Aggregate 11% 9% 7% 9% 10% 11% 10%
4 - Surface Treated 0% 0% 0% 0% 0% 0% 0%
5 - Bituminous 0% 0% 0% 0% 0% 0% 0%
6 - Concrete-Untied 0% 0% 0% 0% 0% 0% 0%
7 - Concrete-Tied 0% 0% 0% 0% 0% 0% 0%
8 - "V"Gutter 0% 0% 0% 0% 1% 1% 0%
9 - Curb and Gutter 5% 3% 1% 4% 4% 4% 5%
 
Distribution of Inside Shoulder Width (Types 1 and 2). Inside shoulder paved width is classified as four 
categories: no paved width or none, narrow width (1-4 ft), medium width (5-8 ft), and wide width (> 8ft). 
Table 4.30 shows the distribution of inside shoulder Type 1 width and Table 4.31 shows the distribution 
of inside shoulder Type 2 width for rural and urban highways, respectively.  
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Table 2.18. Distribution of Segment Type 1 Inside Shoulder Width  
Distribution of Inside Shoulder  
Type 1 Width 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  30% 37% 33% 41% 26% 24% 23%
2 - Medium width 58% 51% 44% 48% 52% 52% 52%
3 - Wide width 12% 12% 23% 11% 23% 25% 26%
Multilane  0 - None  64% 70% 66% 51% 65% 60% 60%
1 - Narrow width  14% 14% 13% 20% 12% 11% 12%
2 - Medium width 20% 13% 17% 27% 19% 26% 27%
3 - Wide width 3% 4% 4% 2% 4% 3% 2%
Two-Lane  0 - None  100% 100% 100% 77% 100% 100% 100%
1 - Narrow width  0% 0% 0% 23% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Urban Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  23% 21% 26% 28% 21% 21% 20%
2 - Medium width 53% 49% 40% 48% 40% 43% 45%
3 - Wide width 24% 30% 33% 24% 39% 35% 35%
Multilane  0 - None  91% 94% 94% 77% 92% 90% 87%
1 - Narrow width  4% 3% 3% 17% 3% 5% 5%
2 - Medium width 4% 2% 3% 5% 3% 4% 7%
3 - Wide width 1% 1% 1% 1% 1% 1% 1%
Two-Lane 0 - None  100% 100% 100% 70% 100% 100% 100%
1 - Narrow width  0% 0% 0% 30% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
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Table 2.19. Distribution of Segment Type 2 Inside Shoulder Width 
Distribution of Inside Shoulder  
Type 1 Width 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate 0 - None  54% 59% 75% 61% 65% 60% 59%
1 - Narrow width  46% 41% 24% 39% 35% 40% 41%
2 - Medium width 0% 0% 1% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  91% 89% 85% 84% 84% 85% 86%
1 - Narrow width  13% 11% 15% 16% 16% 15% 14%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-Lane 0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Narrow width  0% 0% 0% 0% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Urban Interstate 0 - None  82% 91% 90% 84% 90% 85% 85%
1 - Narrow width  18% 9% 10% 16% 10% 15% 15%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  99% 99% 100% 99% 99% 98% 98%
1 - Narrow width  1% 1% 0% 1% 1% 1% 2%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-Lane 0 - None  100% 100% 100% 100% 100% 100% 100%
1 - Narrow width  0% 0% 0% 0% 0% 0% 0%
2 - Medium width 0% 0% 0% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
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Distribution of Outside Shoulder Width (Types 1 and 2). Outside shoulder width is divided into four 
categories as indicated in the tables below. Table 4.32 shows the distribution of outside shoulder Type 1 
width and Table 4.33 shows the distribution of outside shoulder Type 2 width for rural and urban 
highways, respectively.  
Table 2.20. Distribution of Segment Type 1 Outside Shoulder Width 
Distribution of Inside Shoulder  
Type 1 Width 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  6% 4% 3% 5% 5% 7% 5%
2 - Medium width 7% 9% 6% 7% 4% 8% 8%
3 - Wide width 87% 87% 91% 88% 91% 84% 87%
Multilane  0 - None  29% 38% 32% 24% 33% 27% 29%
1 - Narrow width  11% 1% 1% 7% 1% 8% 9%
2 - Medium width 21% 18% 14% 17% 15% 17% 17%
3 - Wide width 39% 42% 52% 52% 51% 47% 46%
Two-Lane 0 - None  14% 13% 9% 10% 12% 14% 14%
1 - Narrow width  46% 42% 32% 36% 43% 49% 47%
2 - Medium width 28% 32% 20% 20% 28% 27% 28%
3 - Wide width 12% 13% 40% 34% 16% 11% 12%
Urban Interstate 0 - None  0% 0% 0% 0% 0% 0% 0%
1 - Narrow width  8% 9% 2% 11% 1% 8% 7%
2 - Medium width 17% 20% 4% 16% 10% 14% 14%
3 - Wide width 75% 71% 94% 72% 89% 78% 78%
Multilane  0 - None  71% 79% 63% 58% 77% 71% 69%
1 - Narrow width  4% 2% 2% 3% 2% 3% 5%
2 - Medium width 9% 10% 7% 7% 8% 9% 8%
3 - Wide width 16% 10% 29% 31% 13% 17% 18%
Two-Lane 0 - None  45% 44% 30% 28% 38% 42% 44%
1 - Narrow width  23% 25% 16% 19% 25% 27% 24%
2 - Medium width 24% 24% 17% 16% 26% 23% 24%
3 - Wide width 9% 7% 37% 37% 11% 8% 8%
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Table 2.21. Distribution of Segment Type 2 Outside Shoulder Width 
Distribution of Inside Shoulder  
Type 1 Width 2000 2001 2002 2003 2004 2005 2006 
Rural Interstate 0 - None  52% 55% 75% 59% 63% 60% 58%
1 - Narrow width  48% 45% 24% 41% 37% 40% 42%
2 - Medium width 0% 0% 1% 0% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  81% 85% 84% 77% 79% 74% 76%
1 - Narrow width  12% 14% 16% 19% 21% 21% 18%
2 - Medium width 7% 0% 0% 4% 0% 5% 6%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-Lane 0 - None  70% 73% 80% 76% 70% 67% 69%
1 - Narrow width  20% 20% 16% 15% 21% 21% 19%
2 - Medium width 11% 7% 4% 9% 9% 12% 11%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Urban Interstate 0 - None  77% 86% 88% 80% 87% 81% 83%
1 - Narrow width  22% 14% 12% 19% 12% 18% 17%
2 - Medium width 0% 1% 0% 1% 0% 0% 0%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Multilane  0 - None  96% 98% 98% 96% 97% 95% 95%
1 - Narrow width  3% 2% 2% 3% 3% 4% 4%
2 - Medium width 1% 0% 0% 1% 0% 1% 1%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
Two-Lane 0 - None  86% 88% 92% 90% 88% 85% 87%
1 - Narrow width  9% 7% 5% 7% 8% 10% 9%
2 - Medium width 4% 5% 3% 4% 5% 5% 5%
3 - Wide width 0% 0% 0% 0% 0% 0% 0%
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3  CALIBRATION OF SAFETY PERFORMANCE FUNCTIONS 
3.1 Proposed Model Calibration Methodology  
This part of research task aims to utilize data available for untreated highway segments (i.e., highway 
segments without receiving Type I treatment or Type II treatment) in comparison groups to calibrate 
safety performance functions that will be used for the Empirical Bayesian (EB) analysis in order to draw 
valid inferences about safety impacts of shoulder paving in Illinois.  
A safety performance function is the representation of a statistical model in which a set of explanatory 
variables come together to provide a certain response to vehicle crashes. The statistical model, if correctly 
specified, is capable of explaining random observation responses for all experimental conditions. The 
three important considerations for a good model are an appropriate set of response variable, explanatory 
variables, and a model type that adequately explains the relationship between the selected response 
variable and explanatory variables.  
3.1.1 Selection of Response Variable    
Two forms of the dependent variables, crash counts and crash rates, were used in the past for the 
development of safety performance functions. Crash counts refer to the number of observed crashes while 
the crash rates are the crash counts divided by the traffic exposure (usually in millions of vehicle miles 
traveled). Models that use crash rates as the dependent variable implicitly assume a linear relationship 
between traffic exposure and number of crashes. Recent studies by Hauer [1997] and Tarko et al. [2000] 
have shown that this assumption may not be valid. The choice of crash counts as the response variable 
and having the traffic exposure as an independent variable however allows for estimation of the exact 
relationship between number of crashes and traffic exposure. In this study, the crash counts in terms of 
number of fatal, injury, PDO, and total crashes per year per segment are chosen as the response variable 
for developing safety performance functions for rural and urban Interstate, multilane, and two-lane 
highways, respectively.  
3.1.2 Selection of Explanatory Variables    
A number of variables have been found to provide explanation for highway segment related vehicle 
crashes. The primary importance of traffic as an explanatory factor for vehicle crashes relative to other 
highway variables has long been acknowledged, as found in existing safety performance functions. The 
explanatory variables used in this study had to be selected from the data elements available in the 
database provided by the Illinois DOT and in particular, in reference to work already done under ICT 
Project R27-20 titled "Develop Safety Performance Functions for Illinois". Key explanatory variables 
considered in the current study are:  
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- Segment AADT 
- Segment length 
- Lane width 
- Outside paved shoulder width  
- Median width 
- Outside shoulder type  
- Median type (divided, undivided) 
 
3.1.3 Consideration of Model Types    
As well documented in existing literature review, safety performance functions have been developed 
using Poisson, negative binomial, and zero inflated models. These models will form the basis of model 
calibration in current study. 
Poisson model versus negative binomial model. The choice of model form for statistical modeling 
typically depends on the nature of the response variable and its relationships with the explanatory 
variables. Linear models have been found to be unsuitable for crash modeling because of the non-negative 
and discrete nature of crash data. Secondly, the error terms of crash data are typically not normally 
distributed as implicitly assumed in linear modeling [Jovanis et al., 1985]. Model forms such as the 
Poisson and negative binomial models have become well accepted for modeling discrete rare events such 
as crash occurrences [Miaou et al., 1993]. The general form of the Poisson probability function is given 
by: 
!
)(
i
y
i
i y
eyYP
ii μμ −==                                                                                               (3-1) 
where P(Y=yi) =  probability of yi crashes on segment i in a selected time period, and  µi = mean 
number of crashes on segment i in a selected time period. 
The Poisson model assumes that crashes occurring on a particular roadway segment are independent of 
one another and the mean number of crashes per unit time is characteristic of the given site and of other 
sites with the same properties. The mean is assumed to depend on physical characteristics of the road 
segment and is given by: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ += ∑
=
n
j
ijji x
1
0exp ββμ                                                                                                     (3-2) 
32 
 
where µi = expected number of crashes on section i in a selected time period, xij = explanatory 
variables, and βi = coefficients to be estimated. 
The Poisson regression is estimated using the standard maximum likelihood methods by applying the 
likelihood function. 
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= − −∑                                                                           (3-3) 
where β =  vector of coefficients (β0, β1, ...., βn), yi  =  observed crash count on section i, and µi = 
expected number of crashes on section i. 
The value of β that maximizes the log likelihood function is the estimated coefficient vector β and the 
estimated value of µi is the expected crash frequency. 
A major limitation of the Poisson regression model is that the variance of the dependent variable is 
constrained to be equal to its mean. If the data is over-dispersed, i.e., if the variance is greater than the 
mean then the coefficient vector β will be biased. To overcome such limitation, the negative binomial 
distribution (a generalized form of the Poisson model) has been recommended [Jovanis and Chang, 1985]. 
The negative binomial distribution adds to the variance a quadratic term that represents the 
overdispersion. This allows for extra Poisson variation due to variables not included in the model. The 
negative binomial model is given by the following formula: 
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where α =  overdispersion parameter estimated by the maximum likelihood technique, and Γ = 
Gamma function. 
Unlike the Poisson model where the variance is restricted to be equal to the mean, the variance of the 
negative binomial model is given by: 
Var(Y) = (1 )i iμ αμ+                                                                           (3-5) 
The negative binomial regression model is estimated using the standard maximum likelihood methods by 
applying the likelihood function shown as Equation 2-6: 
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where α  = overdispersion parameter, β = vector of coefficients (β0, β1, ...., βn), yi = observed crash 
count on section i, and µi  = expected number of crashes on section i. 
The selection of the negative binomial over the Poisson model for crash modeling is determined by the 
statistical significance of the overdispersion factor. If the overdispersion factor is not significantly 
different from zero, then the negative binomial model simply reduces to a Poisson regression where the 
variance equals the mean. If it is greater than zero, then the Negative Binomial is the correct choice, while 
the Poisson model is inappropriate.  
Zero inflation considerations. The crash data set may exhibit a large number of observations with zero 
crash occurrences (i.e., many segment without experiencing any crash in a given year). This case can be 
handled by zero-inflated Poisson model or negative binomial model. In the model calibration process, 
both model forms (with or without zero crash inflation) were investigated. 
3.1.4 Model Evaluation  
Besides selecting an appropriate model form for the analysis, the statistical significance of the estimated 
regression coefficient for each independent variable was investigated, That is, the null hypothesis that the 
coefficient is zero should be rejected if the variable is statistically significant. In addition, the sign and 
magnitude of each estimated coefficient should be practical and justifiable from an engineering 
viewpoint. For the present study, the modeling process using the Poisson and negative binomial models 
was accomplished using the NLOGIT econometrics software package [Greene, 2002]. The NLOGIT 
software yields estimates of the coefficients and standard error for each coefficient from which the p-
values and t-statistics can be computed.  The t-statistic of each estimated coefficient is the estimated 
coefficient divided by the estimated standard error. The p-value is the probability that a normal random 
variable has an absolute value larger than the t-statistic obtained. If the p-value is small, then there is 
adequate evidence that the corresponding variable is significant, namely, the difference between the 
coefficient estimates and zero arises not from chance but from a systematic effect. 
The model should also have a reasonable predictive and explanatory ability as indicated by goodness-of-
fit measures and statistics. For Poisson and negative binomial models, the likelihood ratio test is a 
common test used to assess two competing models. It provides evidence in support of one model, usually 
a full or unrestricted model, over another competing model that is restricted (i.e., model having only the 
constant term). The likelihood ratio test statistic is given by: 
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where LL(βR)  = log-likelihood at convergence of the restricted model, and LL(βU) =  log-likelihood 
at convergence of the unrestricted model.  
The Dm statistic is χ2 distributed with the degrees of freedom equal to the difference in the numbers of 
coefficients in the restricted and unrestricted model. Miaou [1996] developed a goodness of fit measure 
for negative binomial crash models that is explicitly based on the overdispersion parameter and given by 
the relation: 
max
2 1 α
α
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where αmax = dispersion parameter estimated in the restricted model, and α = dispersion parameter 
estimated in the unrestricted model. 
The Rα statistic is simple to calculate and yields values between 0 and 1. It is independent of the choice of 
intercept term in the model. It increases proportionally when independent variables of equal importance 
are added to a model regardless of the order in which they are added.  
3.2 Data Preparation for Model Calibration 
3.2.1 Data Integration 
Historical data on highway geometry, system usage, pavement 3P/3R (Pavement Preservation 
Policy/Resurfacing, Restoration or Rehabilitation) treatments, shoulder paving, and vehicle crash records 
associated with highways maintained by the Illinois Department of Transportation (DOT) collected and 
processed for the preliminary data analysis as part of the proposed research were used for model 
calibration. In total, four sets of data were distributed to this research team as listed in the following: 
- The first data set was received from the University of Illinois at Urbana-Champaign on September 
17, 2008. The data file is titled “crash_geo” containing geo-coded information on highway geometry, 
system usage, and fatal and type A injury crashes occurred on Illinois rural roads in 2002-2006. 
- The second data set was received from CH2M HILL on October 29, 2008 with permission from the 
Illinois DOT. The entire data set consists of three sub-datasets. The first subset includes three shape 
files, “Hwy01_S”, “HWY04_SW”, and “hwy2007_s”, which contain 2001, 2004, and 2007 roadway 
inventory data from the Illinois Roadway Information System (IRIS), respectively. The second 
subset includes two files, “hwy2007_StatetoStateSegments” and “2007_Interstate&Interchanges”. 
These files contain geometry information on homogeneous non-Interstate and Interstate highway 
segments in Illinois created by the CH2M HILL for identifying top five percent high crash locations 
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in 2007. The third subset includes Microsoft Access files “CrashExtract 2000”, “CrashExtract 2001”, 
“CrashExtract 2002”, “CrashExtract 2003”, “CrashExtract 2004”, “CrashExtract 2005”, and 
“CrashExtract 2006” covering crash records for period 2000-2006. 
- The third data set was received from Illinois DOT on October 3, 2008. It includes one pdf file titled 
“shoulder” that contains information on shoulder treatment contracts implemented by the Illinois 
DOT during 2002-2008. 
- The fourth data set was received from Illinois DOT on October 15, 2008. The entire data set consists 
of seven pdf files titled “FY02-3P3RAccompForZongLi10-15-08”, “FY03-
3P3RAccompForZongLi10-15-08”, “FY04-3P3RAccompForZongLi10-15-08”, “FY05-
3P3RAccompForZongLi10-15-08”, “FY06-3P3RAccompForZongLi10-15-08”, “FY07-
3P3RAccompForZongLi10-15-08”, and “FY08-3P3RAccompForZongLi10-15-08”. These files 
contain detailed information on pavement 3P/3R treatment contracts implemented by the Illinois 
DOT during the fiscal year period of 2002-2008.  
A quick examination of the above listed data sets revealed that they were prepared in different years using 
different data formats. Some of them are with geo-coding information, some are not. The raw data for 
period 2000-2006 were processed and integrated into one dataset by going through three steps of efforts: 
i) compilation of highway segment data, ii) matching of pavement and shoulder treatment details to 
highway segments, and iii) matching of crash records to individual highway segments.  
To keep the consistency with current highway segmentation practice of the Illinois DOT, the 2007 
highway segments created by the CH2M HILL were used for data concatenation. For the data processing 
period of 2000-2006, only 2001 and 2004 IRIS data are available. As such, the key fields of 2001 and 
2004 IRIS data were added to highway segments as appropriate to a specific year. Subsequently, 
information on pavement 3P/3R treatments and shoulder paving available for period 2002-2006 was 
added to individual highway segments. Finally, crash records for period 2000-2006 were attached to 
individual highway segments. Table 3.1 shows primary data fields of the integrated database. 
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Table 3.1 Data Fields and Information Description 
Category Columns Title Description 
General  CASE_ID Case identification number 
ROUTE_NAME Route name 
COUNTY County name 
Township Township name 
Crash 
Records 
# FATALITIES Number of fatalities 
#PEOPLE_INJURED Number of people injured 
Fatal_Crashes Number of fatal crashes 
Injury A_Crashes Number of injury A crashes 
Injury B_Crashes Number of injury B crashes 
Injury C_Crashes Number of injury C crashes 
PDO_Crashes Number of PDO crashes 
Segment 
Information 
Beg_sta Beginning station 
End_sta End station 
Segment_Length Length of roadway segment 
Traffic 
Volumes 
AADT Annual average daily traffic 
Mu_Vol Multi unit volume 
SU_Vol Single unit volume 
AADT_Yr AADT year 
Geometrics Lanes Number of lanes 
Lane_Width Lane width 
I_Shd1_type Inside shoulder type 1 
I_Shd1_Width Width of inside shoulder type 1 
I_Shd2_Type Inside shoulder type 2 
I_Shd2_width Width of inside shoulder type 2 
Median_Type Type of median 
Median_Width Width of median 
O_Shd1_type Outside shoulder type 1 
O_Shd1_Width Width of outside shoulder type 1 
O_Shd2_Type Outside shoulder type 2 
O_Shd2_width Width of outside shoulder type 2 
Pavement  CRS_Low Condition rating score low 
CRS_Opp Condition rating score for opposite direction of travel 
CRS_With Condition rating score for direction of travel 
CRS_YR Condition rating score year 
P_Distress_Opp Pavement distress for opposite direction of travel 
P_Distress_With Pavement distress for direction of travel 
Faulting_Low Faulting low 
Faulting_Opp Faulting in opposite direction of travel 
Faulting_With Faulting in direction of travel 
IRI_Low International Roughness Index low 
IRI_Opp International Roughness Index in opposite direction of travel 
IRI_With International Roughness Index in direction of travel 
RUT_Low Rut low 
RUT_Opp Rut in opposite direction of travel 
RUT_With Rut in direction of travel 
Operation Speed_limit Speed limit 
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Controls Op_1_2_Way One-way or two-way roads 
Acc_Cntrl Access control 
FC Functional classification 
Lane_Special Special lane usage 
Lane_Special_No Number of special lane usage 
Lane_Special_Width Width of special lane 
Parking_R_Left Left-side parking  
Parking_R_Right Right-side parking 
TOLLWAY Tollway 
Truck_Route_Desg Designated truck route 
 
3.2.2 Updating of Traffic Volumes 
The information on AADT in the integrated dataset was not coincident with the current year traffic for the 
study period of 2000-2006. The annual traffic growth rates by highway functional class based on the 
Illinois DOT’s annual reports were used to update the current year AADT. Table 3.2 lists the annual 
traffic growth rates used for establishing the current year AADT.   
Table 3.2 Traffic Growth Rates Used for the Current Study 
Lane Area Highway Class Annual Growth Rate 
Rural Interstate 0.17% 
Multilane -1.73% 
Two-lane  -1.11% 
Urban Interstate -1.02% 
Multilane -1.13% 
Two-lane  -1.27% 
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3.3 Calibrated Safety Performance Functions 
Table 3.3 summarizes total number of untreated highway segments in comparison groups, mileage, and 
number of crashes by crash severity from 2000-2006 that was utilized for calibrating safety performance 
functions for rural and urban Interstate, multilane, and two-lane highway segments, respectively.  
Table 3.3 Distribution of Total Number and Mileage of Highway Segments by Highway Class  
Highway  
Class Segments MileageObservations
Total Number of Crashes 
Fatal Injury A Injury B Injury C Injury PDO Total 
Rural Interstate 897  432 3,610  113  887 2,139   1,515   4,541   20,583    25,237 
Multilane   765 158     2,946      72    867  2,460   3,039    6,366   23,433    29,871 
Two-lane        1,248  583   4,788   195  1,283   2,931 2,621  6,835   23,805    30,835 
Urban Interstate           816  180     3,615  137  1,251   4,013   3,993   9,257   49,217    58,611 
Multilane        2,514 375   10,800   293  4,181 11,132 13,334   8,647 106,836  135,776 
Two-lane        1,728  255   6,181    100   1,328   3,452   3,261 8,041   29,575    37,716 
Total  7,968 1,983  31,940 910   9,797 26,127   27,763 63,687 253,449 318,046
 
 
The steps followed for calibrating safety performance functions are briefly explained as below. First, a 
preliminary trend analysis was conducted to obtain the distribution of explanatory variables and identify 
factors that affect occurrence of crashes on roadway segment. Then, the model of choice was formulated 
by adding each explanatory variable in a stepwise manner to test the impact of its inclusion. The variables 
were added starting from that deemed most significant on the basis of the preliminary trend analysis 
results. Finally, safety performance functions were calibrated by lane area/highway functional class 
(rural/urban Interstate, multilane, and two-lane highway segments) and by crash severity category (fatal, 
injury, and PDO crashes), respectively. Emphases of model validation were given on multicolinearity of 
explanatory variables, autocorrelation of error terms, and heteroscedasticity of error terms. Tables 3.4- 3.9 
present the calibrated safety performance functions and brief discussions follow.    
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Table 3.4 Calibrated Safety Performance Functions for Rural Interstate Highways in Comparison 
Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic 
Fatal Crashes 
 
- Model Type: 
Negative Binomial 
Random Effects 
- Obs: 2,647 
- Adjusted R2: 0.14 
- Dependent Variable: (Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
- Dispersion Parameter α, per mile per year: 
 
-17.374 
1.091 
0.936 
0.163 
 
5.643 
 
3.556 
0.306 
0.149 
0.891 
 
2.156 
 
-4.887 
3.567 
6.297 
1.834 
 
2.617 
Injury Crashes 
 
- Model Type:  
 Negative Binomial 
 Random Effects  
- Obs: 2,647 
- Adjusted R2: 0.24 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for undivided median type
   Dummy variable 2 for outside paved shoulder
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per year: 
 
-7.347 
0.412 
0.385 
0.155 
 
0.787 
1.574 
 
1.725 
 
0.787 
0.066 
0.032 
0.022 
 
0.150 
0.181 
 
0.099 
 
-9.337 
6.272 
11.911 
7.066 
 
5.254 
8.681 
 
17.444 
PDO Crashes 
 
- Model Type:  
Negative Binomial 
Random Effects 
- Obs: 2,647 
- Adjusted R2: 0.44 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median type
   Dummy variable 3 for outside paved shoulder
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per year: 
 
2.295 
0.331 
0.433 
-0.156 
 
-0.523 
0.681 
1.256 
 
0.866 
 
1.112 
0.040 
0.020 
0.041 
 
0.234 
0.099 
0.135 
 
0.030 
 
2.064 
8.186 
21.688 
-3.791 
 
-2.231 
6.878 
9.282 
 
29.268 
 
 
Table 3.5 Calibrated Safety Performance Functions for Rural Multilane Highways in Comparison 
Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic 
Fatal Crashes 
 
- Model Type: 
Negative Binomial 
- Obs: 2,507 
- Adjusted R2: 0.06 
- Dependent Variable: (Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
- Dispersion Parameter α, per mile per year: 
 
-3.546 
0.087 
0.604 
14.564 
 
2.396 
0.246 
0.144 
4.947 
 
-1.480 
0.357 
4.1891 
2.94 
Injury Crashes - Dependent Variable: (Injury crashes/year) 
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- Model Type:  
  Negative Binomial 
- Obs: 2,507 
- Adjusted R2: 0.42 
 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for outside paved shoulder
   width ≤ 4ft 
   Dummy variable 2 for outside paved shoulder
   width ≤ 5-8ft 
- Dispersion Parameter α, per mile per year: 
 
-7.048 
0.901 
0.582 
-0.009 
 
-0.527 
 
0.177 
 
1.751 
 
0.619 
0.057 
0.030 
0.007 
 
0.127 
 
0.084 
 
0.077 
 
-11.395 
15.781 
19.270 
-1.257 
 
-4.165 
 
2.109 
 
22.645 
PDO Crashes 
 
- Model Type:  
Negative Binomial 
- Obs: 2,507 
- Adjusted R2: 0.51 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median type
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved shoulder
   width 1-8ft 
- Dispersion Parameter α, per mile per year: 
 
-7.460 
0.799 
0.611 
0.100 
 
0.358 
-0.131 
1.157 
 
0.418 
 
1.125 
 
0.633 
0.042 
0.021 
0.020 
 
0.125 
0.062 
0.212 
 
0.101 
 
0.035 
 
-11.787 
18.894 
29.071 
5.144 
 
2.850 
-2.127 
5.447 
 
4.156 
 
32.497 
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Table 3.6 Calibrated Safety Performance Functions for Rural Two-Lane Highways in Comparison 
Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic 
Fatal Crashes 
 
- Model Type: 
Negative Binomial 
 Random Effects 
- Obs: 4,482 
- Adjusted R2: 0.06 
- Dependent Variable: (Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
- Dispersion Parameter α, per mile per year: 
 
-5.332 
0.185 
0.560 
0.056 
 
8.751 
 
1.038 
0.124 
0.086 
0.028 
 
1.902 
 
-5.137 
1.490 
6.514 
1.995 
 
4.600 
Injury Crashes 
 
- Model Type:  
Negative Binomial 
 Random Effects 
- Obs: 4,482 
- Adjusted R2: 0.33 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for undivided median type
   Dummy variable 2 for outside paved shoulder
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per year: 
 
-5.950 
0.680 
0.386 
0.028 
 
-0.088 
0.238 
 
1.998 
 
0.332 
0.383 
0.022 
0.010 
 
0.054 
0.101 
 
0.075 
 
-17.930 
17.728 
17.886 
2.832 
 
-1.639 
2.367 
 
26.466 
PDO Crashes 
 
- Model Type:  
Negative Binomial 
Random Effects 
- Obs: 4,482 
- Adjusted R2: 0.37 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median type
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved shoulder
   Width ≤ 8ft 
- Dispersion Parameter α, per mile per year: 
 
-3.686 
0.498 
0.437 
0.044 
 
0.256 
-0.247 
0.591 
 
0.399 
 
1.211 
 
0.240 
0.027 
0.015 
0.008 
 
0.058 
0.038 
0.115 
 
0.075 
 
0.030 
 
-15.331 
18.723 
28.401 
5.284 
 
4.436 
-6.437 
5.140 
 
5.328 
 
40.578 
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Table 3.7 Calibrated Safety Performance Functions for Urban Interstate Highways in Comparison 
Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic 
Fatal Crashes 
 
- Model Type: 
Negative Binomial 
Random Effects 
- Obs: 3,582 
- Adjusted R2: 0.10 
- Dependent Variable: (Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
- Overdispersion Parameter α, per mile per year:
 
-7.393 
0.470 
0.773 
3.887 
 
1.568 
0.138 
0.100 
1.279 
 
-4.714 
3.419 
7.722 
3.024 
Injury Crashes 
 
- Model Type:  
Negative Binomial 
  Random Effects 
- Obs: 3,582 
- Adjusted R2: 0.42 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
  Dummy variable for outside paved shoulder 
   Width ≤ 4ft 
- Overdispersion Parameter α, per mile per year:
 
-9.554 
0.886 
0.472 
0.049 
 
0.529 
 
1.402 
 
0.657 
0.036 
0.021 
0.020 
 
0.223 
 
0.052 
 
-14.538 
24.581 
22.687 
2.400 
 
2.369 
 
27.095 
PDO Crashes 
 
- Model Type:  
Negative Binomial 
Random Effects 
- Obs: 3,582 
- Adjusted R2: 0.39 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved shoulder
   Width ≤ 8ft 
- Overdispersion Parameter α, per mile per year:
 
-10.406 
1.047 
0.438 
0.105 
 
-0.706 
1.006 
 
0.196 
 
1.239 
 
0.644 
0.029 
0.017 
0.021 
 
0.127 
0.240 
 
0.091 
 
0.030 
 
-16.150 
36.251 
25.364 
4.940 
 
-5.559 
4.191 
 
2.149 
 
41.379 
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Table 3.8 Calibrated Safety Performance Functions for Urban Multilane Highways in Comparison 
Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic 
Fatal Crashes 
 
- Model Type: 
Negative Binomial 
Random Effects 
- Obs: 10,574 
- Adjusted R2: 0.05 
- Dependent Variable: (Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
- Overdispersion Parameter α, per mile per year:
 
-5.172 
0.253 
0.530 
9.111 
 
1.513 
0.147 
0.069 
1.748 
 
-3.418 
1.724 
7.707 
5.211 
Injury Crashes 
 
- Model Type:  
Negative Binomial 
  Random Effects 
- Obs: 10,574 
- Adjusted R2: 0.43 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for outside paved shoulder
   Width ≤ 4ft 
   Dummy variable 2 for outside paved shoulder
   Width ≤ 5-8ft 
- Overdispersion Parameter α, per mile per year:
 
-5.895 
0.803 
0.503 
-0.027 
 
-0.673 
 
0.254 
 
1.571 
 
0.354 
0.033 
0.014 
0.004 
 
0.084 
 
0.057 
 
0.034 
 
-16.662 
24.307 
37.099 
-7.332 
 
-8.054 
 
4.477 
 
46.600 
PDO Crashes 
 
- Model Type:  
Negative Binomial 
Random Effects 
- Obs: 10,574 
- Adjusted R2: 0.48 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for lane width ≤ 12ft 
   Dummy variable 2 for undivided median type
   Dummy variable 3 for no outside paved 
   shoulder 
   Dummy variable 4 for outside paved shoulder
   Width ≤ 8ft 
- Overdispersion Parameter α, per mile per year:
 
-7.593 
0.869 
0.496 
0.061 
 
0.377 
-0.160 
0.949 
 
0.380 
 
1.239 
 
0.362 
0.027 
0.011 
0.010 
 
0.062 
0.0990 
0.110 
 
0.056 
 
0.018 
 
-20.980 
31.973 
46.342 
6.171 
 
6.051 
6.878 
8.664 
 
6.764 
 
67.224 
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Table 3.9 Calibrated Safety Performance Functions for Urban Two-Lane Highways in Comparison 
Groups 
Model Variables Model Coefficients  
Standard 
Error t-Statistic 
Fatal Crashes 
 
- Model Type: 
Negative Binomial 
Random Effects 
- Obs: 6,079 
- Adjusted R2: 0.16 
- Dependent Variable: (Fatal crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
   Dummy variable for outside paved shoulder 
   Width ≤4ft 
- Overdispersion Parameter α, per mile per year:
 
-8.107 
0.481 
0.229 
-0.060 
 
24.807 
 
2.332 
0.245 
0.114 
0.262 
 
7.175 
 
-3.476 
1.967 
2.014 
-0.227 
 
3.457 
Injury Crashes 
 
- Model Type:  
Negative Binomial 
  Random Effects 
- Obs: 6,079 
- Adjusted R2: 0.38 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Dummy variable for outside paved shoulder 
   Width ≤4ft 
- Overdispersion Parameter α, per mile per year:
 
-7.872 
0.922 
0.328 
0.196 
 
1.656 
 
0.399 
0.042 
0.020 
0.046 
 
0.059 
 
-19.748 
22.102 
16.383 
3.690 
 
28.303 
PDO Crashes 
 
- Model Type:  
Negative Binomial 
Random Effects 
- Obs: 6,079 
- Adjusted R2: 0.52 
 
- Dependent Variable: (Injury crashes/year) 
- Significant Independent Variables: 
Intercept 
ln(Annual average daily traffic, veh/day) 
ln(Segment length, in miles) 
Total of outside paved shoulder width and 
lane width, feet 
   Dummy variable 1 for undivided median type
   Dummy variable 2 for outside paved shoulder
   width ≤ 8ft 
- Overdispersion Parameter α, per mile per year:
 
-5.374 
0.885 
0.339 
-0.037 
 
-0.186 
-0.113 
 
1.059 
 
0.303 
0.029 
0.014 
0.005 
 
0.033 
0.071 
 
0.023 
 
-17.732 
30.751 
23.902 
-7.520 
 
-5.607 
-1.592 
 
45.485 
 
 
3.4 Discussion of Calibrated Safety Performance Functions  
For all six highway classes, the negative binomial random effect model was  higher than the mean crash 
frequency. For each calibrated function, the adjusted Rα2 which represents the model’s goodness-of-fit 
was computed using Equation (3-8). The adjusted Rα2 values for the calibrated models for fatal crash 
prediction range from 0.05 to 0.16, indicating relatively low predictability. However, the adjusted Rα2 
values for the calibrated models for injury and PDO crash prediction range from 0.24 to 0.52, which 
suggests that the models have considerable predictive power. 
Effect of AADT on Crash Frequency. As expected, AADT turns out to be a statistically significant 
factor in all safety performance functions. The relationship of AADT with number of crashes was also 
investigated to determine whether the number of crashes is linearly related to the total traffic volume 
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using t test for linear restrictions. For all the developed models, the t test results indicated that the 
coefficient of AADT significantly differed from 1.0, thus giving credence to the speculation of the non-
linear relationship between traffic volume and crashes.  
Effect of Segment Length on Crash Frequency. For all calibrated safety performance functions, the 
segment length variable was found to be a significant variable with positive coefficients. This relationship 
is rather obvious as longer road segments are expected to have more crashes compared to shorter ones, all 
other factors being equal. The issue however is to investigate the nature of this relationship to determine 
whether the segment length is linearly or non-linearly related to the number of crashes. This was 
accomplished by using the Wald’s test for linear restrictions. That test checks whether the regression 
coefficient associated with the segment length variable was significantly different from 1.0. The 
coefficient for the segment length was generally found to be significantly different from one, suggesting a 
non-linear relationship between number of crashes and segment length.  
Effect of Combined Lane Width and Outside Paved Shoulder Width on Crash Frequency. The 
combined lane width and outside paved shoulder width variable was found to be significant in all safety 
performance functions. The coefficient of this variable was found to be positive in most cases, with a few 
cases with negative signs. These results suggest that the increase of combined lane width and outside 
paved shoulder width to a certain extent may reduce crash, because it enhances safety by acting as a 
buffer zone where drivers of stray vehicles can regain control or recover from error and resume normal 
travel. However, excessive increase in the total width may be harmful as some drivers may use the wide 
paved shoulder as an additional travel lane with reduced buffer zone on the right side. 
 
Effect of Lane Width on Crash Frequency. In most cases, lane width less than or equal to 12 feet was 
found to be significant in safety performance functions for PDO and total crashes, respectively. In most of 
the cases, the signs of coefficients for lane width less than or equal to 12 feet are positive. This indicates 
that all other factors being the same, a wider lane width greater than 12 feet could serve as buffer zones 
and thus offering more opportunity for errant vehicles to recover or for vehicles to seek temporary refuge 
to avoid an errant oncoming vehicle.  
Effect of Median Type on Crash Frequency. The model calibration results show that undivided median 
type is associated with positive signs of coefficients. This reveals that highway segments with undivided 
median type are likely to have increased vehicle crashes. This indicates that divided medians may 
enhance safety. This can be explained by the fact that divided medians are usually wider that could 
provide a recovery area for out-of-control vehicles and for vehicles to stop in emergency situations.  
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Effect of Outside Paved Shoulder Width on Crash Frequency. The outside paved shoulder width 
variable was found to be significant in most of the calibrated safety performance functions. In general, it 
was revealed that an increase in crashes is associated with no paved shoulder width. Paved shoulder width 
less than or equal to 4 feet will result in decrease in fatal and injury crashes. However, paved shoulder 
width less than or equal to 8 feet will likely to increase PDO crashes. This seems suggesting that adding 
paved shoulder may reduce the severity of vehicle crashes that is beneficial to overall safety 
improvements purely from crash prediction point of view. Shoulder paving effects will be thoroughly 
examined in EB and cross-sectional analyses as presented in subsequent chapters.  
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4 EMPIRICAL BAYESIAN ANALYSIS OF SHOULDER PAVING IMPACTS 
4.1 Proposed EB Analysis Methodology 
4.1.1 Main Analytical Steps  
For the highway segments with pavement resurfacing and/or shoulder paving treatments during 2000-
2006, they are classified as three categories:  
- Type I treatment sites with pavement resurfacing and shoulder paving  
- Type II treatment sites with pavement resurfacing only  
- Treated sites with shoulder paving only  
Data on highway segments with Type I and Type II treatments implemented during 2000-2006 were used 
to estimate the safety impacts of shoulder paving for rural and urban Interstate, multilane, and two-lane 
highway segments, respectively. Figure 4.1 illustrates the main steps involved with the EB analysis.  
 
Figure 4.1 Main Steps of the Proposed EB Analysis 
 
 
Treated Sites with Pavement 
Resurfacing, with Shoulder Paving 
(Type I Treatment)  
Treated Sites with Pavement 
Resurfacing, without Shoulder Paving 
(Type II Treatment) 
Step 1b: Observed crash 
frequency at each treated site 
during after treatment period  
(Type I and II Treatments) 
Step 2: Develop SPFs using data on 
untreated sites in the peer group 
Step 3: Predict crash frequency at each 
treated site for before treatment period 
(Type I and II Treatments) 
Step 4-1: Compute the EB-adjusted
crash frequency at each Type I treated
site during the before treatment period
Step 1a: Observed crash frequency at 
each treated site for before treatment 
period (Type I and II Treatments) 
Step 5-1: Compute crash frequency at
each Type I treated site for after
treatment period had the site not being
treated by modifying the before period
EB frequency using traffic volume 
Step 4-2: Compute the EB-adjusted
crash frequency at each Type II treated
site during the before treatment period
Step 1b-1: 
Observed crash 
frequency at Type I 
sites for after 
treatment period  
Step 1b-2: 
Observed crash 
frequency at Type 
II sites for after 
treatment period
Step 6-1: For Type I Treatments, the difference in EB and
observed crash frequencies for after treatment period is the
safety impacts of pavement resurfacing and shoulder paving
Step 6-2: For Type II Treatments, the difference in EB 
and observed crash frequencies for the after treatment 
period is the safety impacts of pavement resurfacing 
Step 6-3: The changes in the differences of crash frequencies established in Step 6-1 
and Step 6-2 is the safety impacts of shoulder paving 
Step 5-2: Compute crash frequency at
each Type II treated site for after
treatment period had the site not being
treated by modifying the before period
EB frequency using traffic volume
Untreated Sites from the Peer 
Group without Pavement 
Resurfacing and Shoulder Paving
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4.1.2 Effectiveness of Type I and Type II Treatments  
For either Type I treatment (pavement resurfacing and shoulder paving) or Type II treatment (pavement 
resurfacing only), the difference between the observed and expected EB-adjusted crash frequencies 
during the after treatment period is an estimate of the safety impacts of the treatment. Figure 4.2 
illustrates the estimation of safety impacts of Type I Treatment and Type II Treatment, respectively. The 
EB approach for assessing safety impacts of shoulder paving are centered on i) estimating EB-adjusted 
crash frequencies for Type I and Type II treatments for the before and after treatment periods, ii) 
determining the types of crashes potentially affected by shoulder paving (regarded as target crashes 
classified by fatal, injury, and PDO crash severity categories) in Type I and Type II treatments for the 
after treatment period, and iii) quantifying the safety impacts of shoulder paving. These steps are 
discussed in details in subsequent sections. 
 
 
Figure 4.2 Illustration of Safety Effectiveness of Type I Treatment or Type II Treatment 
4.1.3 Computation of EB-Adjusted Crash Frequencies for the before Treatment Period  
For a site receiving either Type I treatment or Type II treatment, the EB adjusted crash frequency that 
corrects the regression-to-the-mean bias for the before treatment period needs to be estimated to begin 
with the EB analysis. Typically, the EB adjusted crash frequency for the before treatment period is 
defined as 
 BBB OwPwEB ×+×= )-1(                                                                                                               (4-1) 
where EBB is the EB-adjusted crash frequency in n years for the before treatment period, w is the 
determined weight factor, PB is the number of predicted number of crashes for the before treatment 
+  Observed crash frequency during before treatment period 
× Observed crash frequency during after treatment period  
□   Predicted crash frequency during before treatment period using the SPF 
○ EB-adjusted crash frequency 
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period, OB is the total number of crashes observed in n years for the before treatment period. Based 
on this analysis, the longer the observations are made, the smaller the weight factor, which makes the 
EB-adjusted crash frequency, weighted more towards the observed number of crashes.  
The weighting factor w for a given highway segment can be established on the basis of the overdispersion 
parameter determined in the process of calibrating the safety performance functions as 
( ) ⎥⎦
⎤⎢⎣
⎡ ×××+
=
∑
=
N
n
BnPLengthSegmentN
w
1
,1
1
α
                                                                                        (4-2) 
 
where α is the overdispersion parameter for crash frequency per mile per year, Pn,B is the predicted 
crash frequency for the highway segment in year n for the before treatment period, and n=1, 2, …, N. 
As an example, given information on a rural multilane highway segment with a length of 2 miles, AADT  
of 15,000 in year 2000 with annual traffic growth rate of -1.73 percent, 12-ft lane width, undivided 
median, and 4-ft outside paved shoulder experiencing 2 fatal, 50 injury, and 100 PDO crashes from 2000-
2002 before receiving Type I treatment in 2003, the EB-adjusted fatal, injury, and PDO crashes associated 
with the highway segment for the before treatment period from 2000-2002 are computed as follows:    
i) Computation of the SPF predicted crashes  
- For 2000, fatal    
yearcrashese
LengthAADTe
/07.12000,15 557.0333.0519.3
557.0333.0
2000
519.3
_
_
=××=
××=  
                   injury 
yearcrashese
WidthShoulderPavedLaneLengthAADTe
/34.4)412(2000,15
)(
009.0582.0901.0)527.0048.7(
009.0582.0901.0)527.0048.7(
___
_
2000
__
=+×××=
+×××=   
                   PDO  
yearcrashese
WidthShoulderPavedLaneLengthAADTe
/80.4)412(2000,15
)(
100.0611.0799.0)418.0131.0358.0460.7(
100.0611.0799.0
2000
)418.0131.0358.0460.7(
__
__
=+×××=
+×××=
++
++
 
- For 2001, fatal    
yearcrashese
LengthAADTe
/07.12]%)73.11(000,15[ 557.0333.020002001_519.3
557.0333.0
2001
519.3
__
_
=×××=
××=  
                   injury 
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WidthShoulderPavedLaneLengthAADTe
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- For 2002, fatal    
yearcrashese
LengthAADTe
/06.12]%)73.11(000,15[ 557.0333.020002002_519.3
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519.3
__
_
=×××=
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                   PDO  
yearcrashese
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- For the three-year before treatment period from 2000-2002, the predicted fatal, injury, and PDO crashes 
  are as follows: 
                  Fatal PB,F = 1.07 + 1.07 + 1.06 = 3.20 crashes 
                  Injury PB,I = 4.34 + 4.27 + 4.20 = 12.81 crashes 
                  PDO PB,P = 4.80 + 4.70 + 4.67 = 14.20 crashes 
ii) Calculation of Weighting Factors Using the Calibrated Overdispersion Parameters 
- Weighting factor for fatal:  
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- Weighting factor for injury: 
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- Weighting factor for PDO: 
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ii) Computation of EB-Adjusted Crash Frequencies for 2000-2002 
                 Fatal crashesOwPwEB FFFFFB 00.22)004.01(20.3004.0)1(
__
, =×+×=×+×=  
                 Injury crashesOwPwEB IIIIIB 72.4950)007.01(81.12007.0)1(
__
, =×+×=×+×=   
                 PDO crashesOwPwEB PPPPPB 11.9910)010.01(20.14010.0)1(
__
, =×+×=×+×=  
 
4.1.4 Computation of EB-Adjusted Crash Frequencies for the after Treatment Period  
For a site receiving either Type I treatment or Type II treatment, the EB adjusted crash frequency for the 
before treatment period can be used to predict EB-adjusted crash frequency for the after treatment period 
that represent the number of crashes to be expected for the after treatment period had such treatment not 
been implemented. The computation mainly needs to consider changes in traffic volume and segment 
length between the before treatment period and the after treatment period as  
⎟⎟⎠
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where EBB is the EB-adjusted crash frequency for the before treatment period, EBA is the EB-
adjusted crash frequency for the after treatment period had the treatment not been implemented, 
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AADTn and AADTm are annual average daily traffic for the before and after treatment periods,  and 
LengthB and LengthA are highway segment length before and after treatment periods. 
For the same example in the above section, if no change in the segment length occurred with the 
implementation of Type I treatment, the EB adjusted crash frequencies for fatal, injury and PDO crashes 
for the after treatment period from 2003-2006 are estimated as  
Fatal crashesEB FA 51.2
]%)73.11(%)73.11(1[000,15
]%)73.11(%)73.11(%)73.11(%)73.11[(000,1500.2
20002002_20002001_
20002006_20002005_20002004_20002003_
, __
____
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, __
____
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4.1.5 Types of Crashes Affected by Shoulder Paving 
The EB-adjusted crash frequencies for fatal, injury, and PDO crashes for the after treatment period 
represent the number of crashes to be expected if no treatment were to be implemented in the after 
treatment period. Regardless of Type I treatment or Type II treatment, for fatal, injury, and PDO crash 
severity categories only some types of crashes are potentially affected by shoulder paving. These types of 
crashes are called target crash types, which mainly include the following: 
- Crash type 1: head-on crash with a vehicle in the opposite direction 
- Crash type 2: sideswipe crash with a vehicle in the same direction (for multilane roads) 
- Crash type 3: sideswipe crash with a vehicle in the opposite direction 
- Crash type 4: fixed object on the left or right side of the roadway 
- Crash type 5: overturn in road or roadside, on the left or right 
Because shoulder-related crashes must show evidence of a vehicle leaving the road, the above five types 
of crashes can be re-grouped into the following: 
- Crash group 1: run-off-the-road right, then occurred head-on and sideswipe crashes with a vehicle in 
the opposite direction (crash type 1 + crash type 3) 
- Crash group 2: run-off-the-road right, then occurred sideswipe crash with a vehicle in the same 
direction (for multilane roads) (crash type 2) 
- Crash group 3: run-off-the-road right, then collided with fixed object (crash type 4) 
- Crash group 4: run-off-the-road right, then overturn in road or roadside involving single vehicle 
(portion of crash type 5) 
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- Crash group 5: run-off-the-road right, then overturn in road or roadside involving multiple vehicles 
(portion of crash type 5). 
As such, the safety impacts of shoulder paving on a highway segment with Type I treatment or Type II 
treatment in terms of reduction in number of fatal, injury, and PDO crashes for the after treatment period 
can be separately estimated as 
Shoulder paving related reduction in fatal crashes: FAFAFAFA pOEB ,,
_
,, ][ ×=Δ                                    (4-4) 
Shoulder paving related reduction in injury crashes: IAIAIAIA pOEB ,,
_
,, ][ ×=Δ                                   (4-5) 
Shoulder paving related reduction in PDO crashes: PAPAPAPA pOEB ,,
_
,, ][ ×=Δ                                   (4-6) 
where ∆A,F, ∆A,I, and ∆A,P are shoulder paving related reduction in number of fatal, injury, and PDO 
crashes for the after treatment period for highway segments with Type I treatment or Type II 
treatment; EBA,F, EBA,I, and EBA,P are the EB adjusted crash frequencies for the after treatment period 
had the treatment not been implemented; OA,F, OA,I, and OA,P are the actual crash frequencies for the 
after treatment period; and pA,F, pA,I, and pA,P are the proportion of head-on, sideswipe-same direction, 
sideswipe-opposite direction, fixed object, and overturn crashes involving single vehicle, and multiple 
vehicles in observed fatal, injury, and PDO crashes for the after treatment period, respectively. 
4.1.6 Comparison Groups of Highway Segments for Assessing Safety Impacts of Shoulder Paving   
Having estimated the reduction in fatal, injury, and PDO crashes for the after treatment period for 
individual highway segments with Type I treatment or Type II treatment, the treated sites need to be 
properly grouped so that the overall difference of reductions in crashes between the segments in the Type 
I treatment (pavement resurfacing and shoulder paving) group and Type II treatment (pavement 
resurfacing only) group can be used to assess the safety impacts of shoulder paving.  In this study, the 
comparison groups of highway segments with Type I treatment and Type II treatment are separately 
determined by i) AADT range, ii) outside paved shoulder width, iii) lane width, and iv) combined lane 
width and outside paved shoulder width during the after treatment period. Table 4. 
1 lists details of grouping of highway segments with Type I treatment and Type II treatment for the 
analysis. 
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Table 4.1 Primary Factors Considered for Highway Segment Grouping  
Factor Category Detailed Grouping Method 
Traffic - AADT: 
   Interstate (≤30,000, > 30,000) 
   Multilane (≤20,000, 20,000-30,000, > 30,000) 
 Two-lane (≤10,000, 10,000-20,000, > 20,000) 
- Daily Traffic Per Lane: 
   ≤5,000, 5,000-10,000, > 10,000 
Lane Width - Lane width (<12 ft, 12 ft, >12 ft) 
Outside Paved Shoulder Width - Unpaved shoulder 
- Narrow paved (1-4 ft) 
- Medium-width paved (5-8 ft), and   
- Wide paved (>8 ft) 
Combined Lane and Paved Shoulder Width - Lane width (≤20 ft, >20ft) 
 
4.1.7 Safety Impacts of Shoulder Paving  
For rural and urban Interstate, multilane, and two-lane highways, the safety effectiveness of shoulder 
paving was assessed using information on shoulder paving related reduction in fatal, injury, and PDO 
crashes for comparable highway segments with Type I and Type II treatments grouped by traffic volume 
range, outside paved shoulder width, lane width, and combination of lane width and outside paved 
shoulder width, respectively. For each group of highway segments with Type I and Type II treatments, 
the safety impacts of shoulder paving is separately expressed by percentage reduction in fatal, injury, and 
PDO crashes as  
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where EffF, EffI, and EffP are safety impacts of shoulder paving in terms of percentage reduction in 
fatal, injury, and PDO crashes; ∆k,A,F,Type I and ∆l,A,F,Type II,  ∆k,A,I,Type I and ∆l,A,I,Type II, ∆k,A,P,Type I and 
∆l,A,P,Type II are net reductions in fatal, injury, and PDO crashes resulted from shoulder paving for the 
after treatment period for highway segment k with Type I treatment and highway segment l with Type 
II treatment; EBk,A,F,Type I and EBl,A,F,Type II,  EBk,A,I,Type I and EBl,A,I,Type II, EBk,A,P,Type I and EBl,A,P,Type II 
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are EB-adjusted fatal, injury, and PDO crashes for the after treatment period for highway segment k 
with Type I treatment and highway segment l with Type II treatment; pk,A,F,Type I and pl,A,F,Type II,  
pk,A,I,Type I and pl,A,I,Type II, pk,A,P,Type I and pl,A,P,Type II are the proportion of shoulder-related fatal, injury, 
and PDO crashes for the after treatment period for highway segment k with Type I treatment and 
highway segment l with Type II treatment; K and L are number of highway segments in Type I 
treatment group and Type II treatment group, respectively.  
 
 
4.2 The EB Analysis Results 
Table 4.2 presents summary information on total number of highway segments for rural and urban 
Interstate, multilane, and two-lane highways with Type I and Type II treatments implemented in 2000-
2006, along with mileage, total number of crashes by crash severity, and shoulder-related target crash 
percentages out of the total number of crashes, respectively.  
Table 4.2 Distribution of Total Number and Mileage of Highway Segments by Highway Class  
Treatment Highway 
Class Segments Mileage
Total Number of Crashes % Shoulder-
Related Fatal Injury A Injury B Injury C Injury PDO Total 
Type I Rural Interstate 68 57.52 11 61 130 77 268 1,322 1,601 43% 
Multilane 4 1.29 3 2 9 4 15 152 170 10% 
Two-lane 21 22.98 2 56 122 118 296 1,007 1,305 21% 
Urban Interstate 59 15.03 16 89 319 147 555 2,527 3,098 33% 
Multilane 17 5.29 0 15 29 27 71 547 618 32% 
Two-lane 17 2.01 0 3 3 8 14 84 98 58% 
Type II Rural Interstate 21 12.45 1 18 31 19 68 382 451 48% 
Multilane 55 17.64 4 50 88 82 220 944 1,168 25% 
Two-lane 123 68.75 18 127 271 207 605 1,863 2,486 30% 
Urban Interstate 33 7.33 8 55 243 101 399 1,571 1,978 33% 
Multilane 166 26.99 17 266 733 840 1,839 6,312 8,168 18% 
Two-lane 149 22.75 10 93 220 181 494 1,924 2,428 34% 
Total 733 260.03 90 835  2,198 1,811 4,844  18,63523,569 28% 
 
The steps followed for the EB analysis are as Section 4.1. Figures 4.3-4.6 present the safety impacts of 
shoulder paving using the EB analysis. 
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Figure 4.3(a) EB Analysis of Safety Impacts of Shoulder Paving for Rural and Urban Interstate, 
Multilane, and Two-Lane Highways Classified by AADT Range  
 
Figure 4.3(b) EB Analysis of Safety Impacts of Shoulder Paving for Rural and Urban Interstate, 
Multilane, and Two-Lane Highways Classified by Per Lane Traffic Range 
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Figure 4.4 EB Analysis of Safety Impacts of Shoulder Paving for Rural and Urban Interstate, 
Multilane, and Two-Lane Highways Classified by Outside paved Shoulder Width  
 
Figure 4.5 EB Analysis of Safety Impacts of Shoulder Paving for Rural and Urban Interstate, 
Multilane, and Two-Lane Highways Classified by Lane Width  
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Figure 4.6 EB Analysis of Safety Impacts of Shoulder Paving for Rural and Urban Interstate, 
Multilane, and Two-Lane Highways Classified by Combined Lane and Shoulder Width  
4.3 The EB Analysis Findings  
The safety impacts of shoulder paving for rural and urban Interstate, multilane, and two-lane highways 
were assessed by grouping the highway segments with Type I treatment and Type II treatment by AADT 
range, outside paved shoulder width, lane width, and combined lane and outside paved shoulder width, 
respectively. For each of these assessment scenarios, the assessment of safety impacts of shoulder paving 
was not able to be conducted for some highway classes due to limited sample size in the available dataset. 
The EB analysis findings are briefly summarized in the following: 
Safety Impacts of Shoulder Paving for Highway Segments Classified by AADT Range. In general, 
mixed results are obtained on the safety impacts of shoulder paving for highway segments classified by 
AADT range. For rural Interstate highways, shoulder paving is effective in reducing crashes with the 
exception of fatal crashes. However, shoulder paving is effective for urban Interstate highways only with 
AADT not exceeding 30,000. For rural multilane highways, shoulder paving is found to be effective for 
an AADT range of 20,000-30,000. For urban multilane highways, should paving is effective for all 
AADT ranges. For both rural and urban two-lane highways, shoulder paving is effective for the AADT 
range of 10,000-20,000. The findings seem suggest that shoulder paving is an effective means of safety 
improvements for Interstate highways with AADT not higher than 30,000, for multilane highways with 
AADT between 20,000-30,000, and for two-lane highways with AADT between 10,000-20,000. Table 
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4.3 lists the reductions in crashes potentially affected by shoulder paving for Interstate, multilane, and 
two-lane highways with AADT within these ranges. 
Table 4.3 Reductions in Crashes Potentially Affected by Shoulder Paving for Interstate, Multilane, 
and Two-Lane Highways by Effective AADT Range Using the EB Analysis 
Highway Class Effective AADT Range % Reduction in Shoulder Paving Related Crashes Fatal Injury PDO 
Rural/Urban Interstate ≤ 30,000  6-26% 9-41% 
Multilane 20,000 - 30,000 14-25% 8% 15-21% 
Two-lane 10,000 - 20,000 40% 69% 49% 
 
Safety Impacts of Shoulder Paving for Highway Segments Classified by Per Lane Daily Traffic 
Range. Similar to the results obtained from the analysis according to AADT range, mixed results are 
obtained on the safety impacts of shoulder paving for highway segments classified by per lane daily 
traffic range. For rural Interstate highways, shoulder paving is effective in reducing crashes for all per 
lane daily traffic range with the exception of fatal crashes. However, shoulder paving is effective for 
urban Interstate highways only with per lane daily traffic within 5,000-10,000 for injury crashes. For rural 
multilane highways, shoulder paving is found to be effective for an per lane daily traffic range of 5,000-
10,000. For urban multilane highways, should paving is effective for all per lane daily traffic ranges. For 
both rural two-lane highways, available data only represent per lane daily traffic not exceeding 5,000. For 
this traffic range, shoulder paving was found to have reduced fatal crashes by one percent. For urban two-
lane highways, shoulder paving is effective for the per lane daily traffic range of 5,000-10,000. The 
findings seem suggest that shoulder paving is an effective means of safety improvements for per lane 
daily traffic ranging 5,000-10,000. Table 4.4 lists the reductions in crashes potentially affected by 
shoulder paving for Interstate, multilane, and two-lane highways with this range. 
Table 4.4 Reductions in Crashes Potentially Affected by Shoulder Paving for Interstate, Multilane, 
and Two-Lane Highways by Effective Per Lane Daily Traffic Range Using the EB Analysis 
Highway Class Effective Per Lane Daily Traffic Range 
% Reduction in Shoulder Paving Related Crashes 
Fatal Injury PDO 
Rural/Urban Interstate 5,000 - 10,000 2% 13% 49% 
Multilane 5,000 - 10,000 18-29% 14% 6-18% 
Two-lane 5,000 - 10,000 1-42% 68% 70% 
 
Safety Impacts of Shoulder Paving for Highway Segments Classified by Outside Paved Shoulder 
Width. Consistent results are obtained on the safety impacts of shoulder paving for highway segments 
classified by outside paved shoulder width. For all classes of highways with sufficient data for the EB 
analysis, shoulder paving is found to be effective in reducing crashes when the paved shoulder width is 
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within 8ft. Shoulder related crashes generally increase for fatal, injury, and PDO crashes when the paved 
shoulder width is wider than 8ft, with the exception of urban multilane highways that still experience 
crash reductions when the outside paved shoulder width exceeding 8ft. It, however, should be noted that 
the percentages of reductions in fatal, injury, and PDO crashes for paved shoulder width wider than 8ft 
are lower as compared to those for outside paved shoulder width within 8ft. Table 4.5 lists the reductions 
in crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane highways with 
outside paved shoulder width within the 8-ft range. 
Table 4.5 Reductions in Crashes Potentially Affected by Shoulder Paving for Interstate, Multilane, 
and Two-Lane Highways by Effective Outside Paved Shoulder Width Using the EB Analysis 
Highway Class Effective Outside Paved Shoulder Width 
% Reduction in Shoulder Paving Related Crashes 
Fatal Injury PDO 
Rural/Urban Interstate ≤ 8ft 14% 4% 65% 
Multilane ≤ 8ft 44% 1% 72% 
Two-lane ≤ 8ft 2% 5-24% 6% 
 
Safety Impacts of Shoulder Paving for Highway Segments Classified by Lane Width. Consistent 
results are obtained on the safety impacts of shoulder paving for highway segments classified by lane 
width. For all classes of highways with sufficient data for the EB analysis, shoulder paving is found to be 
effective in reducing crashes when the lane width is within 12ft. Shoulder related crashes generally 
increase for fatal, injury, and PDO crashes when the lane width exceeds 12ft. Table 4.6 lists the 
reductions in crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane 
highways with lane width within the 12-ft range. 
Table 4.6 Reductions in Crashes Potentially Affected by Shoulder Paving for Interstate, Multilane, 
and Two-Lane Highways by Effective Lane Width Using the EB Analysis 
Highway Class Effective Lane Width % Reduction in Shoulder Paving Related Crashes Fatal Injury PDO 
Rural/Urban Interstate ≤ 12ft  15% 40% 
Multilane ≤ 12ft 15% 16% 7% 
Two-lane ≤ 12ft 8% 28% 4% 
 
 
Safety Impacts of Shoulder Paving for Highway Segments Classified by Combined Lane and 
Outside Paved Shoulder Width. Consistent results are obtained on the safety impacts of shoulder paving 
for highway segments classified by combined lane width and outside paved shoulder width. For all 
classes of highways with sufficient data for the EB analysis, shoulder paving is found to be effective in 
reducing crashes when the combined width is within 20ft. Shoulder related crashes generally increase for 
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fatal, injury, and PDO crashes when the paved shoulder width is wider than 20ft, with the exception of 
urban multilane highways that still experience crash reductions when the combined width exceeding 20ft. 
However, the percentages of reductions in fatal, injury, and PDO crashes for combined width wider than 
20ft are lower as compared to those for combined width within 20ft. Table 4.7 lists the reductions in 
crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane highways with 
combined lane and outside paved shoulder width within the 20-ft range. 
Table 4.7 Reductions in Crashes Potentially Affected by Shoulder Paving for Interstate, Multilane, 
and Two-Lane Highways by Effective Combined Lane Width and Outside Paved Shoulder Width 
Using the EB Analysis 
Highway Class Effective Combined Lane and Paved Shoulder Width 
% Reduction in Shoulder Paving Related Crashes 
Fatal Injury PDO 
Rural/Urban Interstate ≤ 20ft 17% 11% 67% 
Multilane ≤ 20ft 40% 26% 71% 
Two-lane ≤ 20ft 2% 18-24% 7-24% 
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5 CROSS-SECTIONAL ANALYSIS OF SHOULDER PAVING IMPACTS 
In addition to the EB before-after analysis of safety impacts of shoulder paving, cross-sectional analysis 
using after treatment period data for the Type I and Type II treated sites was performed. Assuming that all 
roadway factors except for pavement resurfacing and shoulder paving for Type I treated sites and 
pavement resurfacing for Type II treated sites remained unchanged, the percentage reductions in crash 
frequencies between Type I and Type II treated sites for the after treatment period are the safety impacts 
of shoulder paving. This comparison utilized data for the after treatment period only, but only after 
establishing in a separate comparability analysis confirming no substantial differences between the Type I 
and Type II treated sites in the before treatment period. The comparability of sites receiving two different 
types of treatments was separately established for treated sites classified by lane area (rural and urban) 
and by highway functional class (Interstate, multilane, and two-lane highways) according to three criteria: 
- Physical comparison of daily traffic per lane using Analysis of Variance (ANOVA) 
- Crash frequency comparison of number of crashes per lane-mile using ANOVA 
- Target crash (i.e., types of crashes likely to be affected by shoulder paving including head-on, 
sideswipe-same direction, sideswipe-opposite direction, fixed object, and overturns involving single or 
multiple vehicles) frequency comparison of number of crashes per lane-mile using ANOVA 
Once the Type I and Type II treated sites were determined to be comparable in the before treatment 
period, two-factor factorial ANOVA models considering lane areas, highway functional classes, and their 
interactions were built to test the statistical significance in the mean target crash frequencies for Type I 
and Type II treated sites, respectively. For each factorial ANOVA model, fixed effect, random effect, and 
mixed effect model forms were tested. Finally, safety impacts of shoulder paving similar to the grouping 
utilized in the EB analysis were further assessed by AADT range, per lane daily traffic, outside paved 
shoulder width, lane width, and combined lane and outside paved shoulder width correspondingly. 
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5.1 Proposed Cross-Sectional Analysis Methodology  
5.1.1 Comparability Analysis of Type I and Type II Treated Sites for before Treatment Period 
In comparability tests of Type I and Type II treated sites for before treatment period, one-way ANOVA 
was separately conducted for rural and urban Interstate, multilane, and two-lane highway segments as  
yij = μ + τj + εij                                                                                                                              (5-1) 
 
where three sets of values are used for yij, including shoulder-related total crashes per lane-mile per 
year, total fatal, injury, and PDO crashes per lane-mile per year, and per lane AADT for highway 
segment i receiving type j treatment in the before treatment period; μ is the average value of per lane-
mile crash frequency or per lane AADT, τj is the difference in per lane-mile crash frequency for 
shoulder-related crashes, per lane-mile crash frequency for fatal, injury or PDO crashes, or per lane 
AADT from the average for sites receiving jth treatment, i = 1, 2, …, nj for number of sites receiving 
jth treatment, and  j= 1, 2 for Type I and Type II treatments, and εij is the error term. 
5.1.2 Two-Factor Factorial ANOVA Model for Crashes Occurred at Type I or Type II Treated 
Sites for the After Treatment Period 
Having confirmed the compatibility of Type I and Type II treated sites for before treatment period, data 
on fatal, injury, and PDO crashes for target crashes for the after treatment period were used to separately 
assess the differences in crash frequencies per lane-mile for Type I treated sites or Type II treated sites 
using two-factor factorial ANOVA models as  
 yijm = μ + HCi + LAj +(HCxLA)ij + εm(ij)                                                                                                   (5-2) 
where yijk is for shoulder-related fatal, injury or PDO crashes per lane-mile per year in the after 
treatment period for highway segment i receiving Type I treatment or Type II treatment, μ is the 
average fatal, injury, PDO crashes per lane-mile per year for target crashes in the after treatment 
period, HCi is the difference in crash frequencies from μ due to highway functional class factor i, LAj 
is the difference in crash frequencies from μ due to lane area factor j, (HCxLA)ij is the interaction 
factor between lane area and highway functional class, i= 1, 2, 3 for Interstate, multilane, and two-
lane highways, j = 1, 2 for rural area and urban area, and m = 1, 2, …, nij for number of segments for 
each lane area and highway functional class combination.  
In the two-factor factorial ANOVA model, it was assumed that: i) μ is a fixed constant and the εk(ij)'s are 
normally and independently distributed ( )2εσ,0~)NID( ; ii) the samples are independent; and iii) the 
variances of the populations are equal. Three randomness combinations between the lane area factor and 
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highway functional class factor are considered: i) both lane area and highway functional class factors are 
treated as fixed effects; ii) both lane area and highway functional class factors are treated as random 
effects; and iii) either lane area factor or highway functional class factor is treated as fixed effects. The 
fixed effect, random effect, and mixed effect two-factor factorial ANOVA models are further discussed in 
the subsequent sections. 
The Fixed Effect Two-Factor Factorial ANOVA Model. For the two-factor factorial ANOVA model as 
Equation (4-2), the following assumptions are made: 
- HCi's are fixed constants and   ∑3
1
0
=
=
i
iHC  
- LAj's are fixed constants and   ∑2
1
0
=
=
j
jLA  
- (HCxLA)ij's are fixed constants and  ( ) ( )∑ ∑3
1
2
1
0,0
= =
=×=×
i j
ijij LAHCLAHC  
The null hypotheses tested in the fixed effect model are: 
 
H1: HCi = 0 for all i 
H2: LAj = 0 for all j 
H3: (HCxLA)ij = 0 for all i and j 
Without loss of generality, the dataset is assumed to be unbalanced with unequal number of observations 
for each lane area and highway functional crass combination. The unbalanced dataset is organized as  
Factor Rural (j=1) Urban (j=2) 
Interstate (i=1) y11,1 y12,1 
… … 
y11,n11 y12,n12 
Multilane (i=2) y21,1 y22,1 
… … 
y21,n21 y22,n22 
Two-lane (i=3) y31,1 y32,1 
… … 
y31,n31 y32,n32 
 
 
For the different levels of the highway functional class factor: 
∑2
2=j
1211j,1.1 n+n=n=n
                                                                                                              (5-3) 
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For the different levels of the lane area factor: 
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Table 5.1 presents the ANOVA table for the fixed effect two-factor factorial model. 
Table 5.1 ANOVA Table for the Fixed Effect Two-Factor Factorial Model 
Source Sum of Squares Degrees of Freedom Mean of Squares F-statistic 
HC SSHC 2 MSHC = SSHC/2 MSHC/MSE 
LA SSLA 1 MSLA = SSLA/1 MSLA/MSE 
HCxLA SS(HCxLA) 2 MS(HCxLA) =SS(HCxLA)/2 MS(HCxLA)/MSE 
Error SSE ∑∑3
1=i
2
1=j
ijn
- 6 MSE = SSE/[
∑∑3
1=i
2
1=j
ijn
- 6] 
  
Total SST ∑∑3
1=i
2
1=j
ijn
-1 
   
 
The corresponding formulas for the sum of squares are as follows: 
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SSE= SST - SSHC - SSLA - SS(HCxLA)                                                                                                   (5-19) 
The null hypotheses are rejected if the F-statistic values are greater than the corresponding F-test critical 
values for a certain confidence level.  
The Random Effect Two-Factor Factorial ANOVA Model. For the two-factor factorial ANOVA 
model as Equation (4-2), the following assumptions are made for the random effect model: 
- HCi's are random ( )2,0~ HCNID σ   
- LAj's are random ( )2,0~ LANID σ   
- (HCxLA)ij's are random ( )2 )(,0~ HCxLANID σ   
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The null hypotheses tested in the random effect model are: 
H1: 02 =HCσ  
H2: 02 =LAσ  
H3: 02 )( =HCxLAσ  
The hypothesis of no-interaction is tested by comparing the mean square for interaction with the mean 
square for error, but the first two hypotheses are tested by comparing the mean square of the main effect 
(HCi or LAj) with the mean square of the interaction. Table 5.2 presents the ANOVA table for the random 
effect two-factor factorial model. 
Table 5.2 ANOVA Table for the Random Effect Two-Factor Factorial Model 
Source Sum of Squares Degrees of Freedom Mean of Squares F-statistic 
HC SSHC 2 MSHC = SSHC/2 MSHC/MS(HCxLA) 
LA SSLA 1 MSLA = SSLA/1 MSLA/MS(HCxLA) 
HCxLA SS(HCxLA) 2 MS(HCxLA) =SS(HCxLA)/2 MS(HCxLA)/MSE 
Error SSE ∑∑3
1=i
2
1=j
ijn
- 6 MSE = SSE/[
∑∑3
1=i
2
1=j
ijn
- 6] 
  
Total SST ∑∑3
1=i
2
1=j
ijn
-1 
   
 
The null hypotheses are rejected if the F-statistic values are greater than the corresponding F-test critical 
values for a certain confidence level.  
The Mixed Effect Two-Factor Factorial ANOVA Model. For the two-factor factorial ANOVA model 
as Equation (4-2), the mixed effect model treats one of the two factors between highway functional class 
and lane area as fixed effect, the other as random, and the interaction terms between highway functional 
class and lane area as random. The following assumptions are made for the mixed effect model: 
- HCi’s are fixed constants and ∑3
1
0
=
=
i
iHC  if highway functional class factor is treated as fixed effect 
or HCi's are random ( )2,0~ HCNID σ  if highway functional class factor is treated as random effect 
- LAj's are treated as fixed constants and   ∑2
1
0
=
=
j
jLA  if lane area factor is treated as fixed effect or are 
random ( )2,0~ HCNID σ  if lane area is treated as random effect  
- (HCxLA)ij's are ( )2 )(,0~ HCxLANID σ , but  ∑
==
≠×=×
2
1
3
1
0)(0)(∑
j
ij
i
ij LAHCandLAHC
  or ∑∑ 2
1
3
1
0)(0)(
==
=×≠×
j
ij
i
ij LAHCandLAHC
. 
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The null hypotheses tested in the mixed effect model are: 
H1: HCi = 0 for all i if highway functional class factor is treated as fixed effect or 02 =HCσ if 
highway functional class factor is treated as random effect 
H2: LAj = 0 for all j if lane area factor is treated as fixed effect or 02 =LAσ  if lane area factor is 
treated as random effect 
H3: 02 )( =HCxLAσ  
For the mixed effect model, two possible randomness combinations for highway function class factor and 
lane area factor are possible:  
- FRR: The highway functional class factor is treated as fixed effect, the lane area factor is treated as 
random effect, and the interaction term between the two factors id treated as random 
- RFR: The highway functional class factor is treated as random effect, the lane area factor is treated 
as fixed effect, and the interaction term between the two factors id treated as random. 
Table 5.3 presents the ANOVA table for the mixed effect two-factor factorial model. 
Table 5.3 ANOVA Table for the Mixed Effect Two-Factor Factorial Model 
Source Sum of 
Squares 
Degrees of 
Freedom 
Mean of Squares F-statistic 
FRR RFR 
HC SSHC 2 MSHC = SSHC/2 MSHC/MS(HCxLA) MSHC/MSE 
LA SSLA 1 MSLA = SSLA/1 MSLA/MSE MSLA/MS(HCxLA)
HCxLA SS(HCxLA) 2 MS(HCxLA) =SS(HCxLA)/2 MS(HCxLA)/MSE MS(HCxLA)/MSE 
Error SSE ∑∑3
1=i
2
1=j
ijn
- 6 MSE = SSE/[
∑∑3
1=i
2
1=j
ijn
- 6]
   
Total SST ∑∑3
1=i
2
1=j
ijn
-1 
    
 
The null hypotheses are rejected if the F-statistic values are greater than the corresponding F-test critical 
values for a certain confidence level.  
The Student-Newman-Keuls Range Tests. The Student-Newman-Keuls (SNK) test is a stepwise, 
multiple range post hoc procedure, based on the q-statistic, which compares every mean which other 
every mean in a pair-wise fashion. This test is used to determine which population means significantly 
differ that caused the rejection of the null hypothesis in the two-factor fixed effect factorial ANOVA 
model. The test generally consists of the following steps: 
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- Arrange the six sample means of target fatal, injury, and PDO crash frequencies for rural and urban 
Interstate, multilane, and two-lane highways with for Type I or Type II treatment in order from low 
to high 
- Compute the error mean squares 2y .ijS for each highway functional class and lane area combination 
- Compute the overall stand error mean using 2y .ijS and corresponding number of sites received 
treatment nij as  
 
∑∑
∑∑
3
1
2
1
3
1
2
1
2 )(
.
.
= =
= =
×
==
i j
ij
i j
ijy
y
n
nS
n
MSES
ij
ij
                                                                                        (5-21) 
 
- Enter a studentized range table of significant ranges at the confidence level desired using the error 
degree of the freedom and p = 2, 3, 4, 5, 6 table ranges (usually 10 percent significance level) 
- Multiply this ranges by 
.ijy
S  to obtain six least significant ranges 
- Test the observed ranges between means, beginning with the largest versus smallest with the least 
significant range for p = 6 and continue the comparison for second largest versus smallest until all 6x5 = 
30 possible pairs have been tested. The sole exception to this rule is that no difference between two means 
can be declared significant if both these means are contained in a subset with a non significant range. 
5.1.3 Factorial ANOVA Models for Estimating Aggregated Safety Impacts of Shoulder Paving 
For comparable Type I and Type II treated sites for before treatment period, one-factor factorial ANOVA 
model was used to estimate aggregated safety impacts of shoulder paving for rural and urban Interstate, 
multilane, and two-lane highway segments using crash data for the after treatment period, respectively. 
The model is of the following specification 
yim = μ + Ti+ εm(i)                                                                                                                           (5-22) 
 
where yim is shoulder-related fatal, injury or PDO per lane-mile crash frequency per year for Type I 
and Type II treated sites in after treatment period; μ is the average value of per lane-mile shoulder-
related crash frequency per year; Ti is the difference in per lane-mile crash frequency per year 
between Type I and Type II treated sites; i= 1, 2 for Type I and Type II treated sites; and m is number 
of replications.  
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5.1.4 Factorial ANOVA Models for Estimating Safety Impacts of Shoulder Paving Classified by 
Different Factors 
For comparable Type I and Type II treated sites in the before treatment period, ideally the safety impacts 
of shoulder paving in terms of percentage reductions in shoulder-related fatal, injury, and PDO crashes 
for each category of rural/urban Interstate, multilane, and two-lane highways could be assessed by 
simultaneously considering factors of treatment types, per-lane AADT for different ranges, lane width 
ranges, and paved outside shoulder ranges, respectively. Correspondingly, a four-factor factorial ANOVA 
model could be used: 
   yijklm = μ + Ti + Vj +LWk + OSWl + Ti×Vj + Ti×LWk + Ti×OSWl + Vj×LWk + Vj×OSWl  
           + Ti×Vj×LWk + Ti×Vj×OSWl + Vj×LWk×OSWl +Ti×Vj×LWk×OSWl + εm(ijkl)                  (5-23)    
where yijklm is shoulder-related fatal, injury or PDO crash frequency for Type i treatment site (Ti) 
associated with traffic volume range j (Vj), lane width range k (LWk), and outside paved shoulder 
width range l (OSWl); i= 1 for Type I treatment and i= 2 for Type II treatment; j= 1, 2, …, J volume 
ranges; k=1 for lane width not exceeding 12 ft and k=2 otherwise; l=1 for outside paved shoulder 
width not exceeding 8 ft and k=2 otherwise; and m is number of replications. 
Due to limited data available for comparable Type I and Type II treated sites, only one factor among per-
lane AADT range, lane width range, and outside paved shoulder width range could be used for comparing 
Type I and Type II treated sites for each of the six highway categories. This reduces the four-factor 
factorial ANOVA model as Equation (4-23) to three separate two-factor factorial ANOVA models as 
yijm = μ1 + Ti,1 + Vj + Ti,1×Vj + + εm(ij)                                                                                             (5-24)    
yikm = μ2 + Ti,2 + LWk + Ti,2×LWk + εm(ik)                                                                                       (5-25)    
yilm = μ3 + Ti,3 + OSWl + Ti,3×OSWl + εm(il)                                                                                    (5-26)    
For shoulder-related fatal, injury, and PDO crashes associated with rural/urban Interstate, multilane, and 
two-lane highways, the ratios of (T2,1- T1,1) and (μ1+T2,1), (T2,2- T1,2) and (μ2+T2,2), and (T2,3- T1,3) and 
(μ3+T2,3) established using Equations (4-24), (4-25), and (4-26) are safety impacts of shoulder paving 
classified by per-lane AADT, lane width, and outside paved shoulder width ranges, respectively.   
5.2 Data Preparation for Cross-Sectional Analysis 
Table 5.4 summarizes total number of highway segments for rural/urban Interstate, multilane, and two-
lane highways with Type I and Type II treatments in 2000-2006, along with mileage, total number of 
crashes by crash severity for the after treatment period, and percentage of target crashes, respectively.  
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Table 5.4 Distribution of Total Number and Mileage of Highway Segments by Highway Class  
Treatment Highway Class Segments Mileage
Total Number of Crashes Shoulder-
Related Fatal InjA Inj B Inj C Injury PDO Total 
Type I Rural Interstate 68 57.52 9 47 75 39 161 571 741 45% 
Multilane 4 1.29 3 1 5 2 8 23 34 30% 
Two-lane 21 22.98 1 21 59 41 121 393 515 34% 
UrbanInterstate 59 15.03 12 51 200 59 310 715 1,037 38% 
Multilane 17 5.29 0 6 20 13 39 107 146 49% 
Two-lane 17 2.01 0 3 2 1 6 33 39 63% 
Type II Rural Interstate 21 12.45 1 9 11 6 26 145 172 53% 
Multilane 55 17.64 2 21 47 31 99 363 464 33% 
Two-lane 123 68.75 14 51 111 65 227 779 1,020 29% 
UrbanInterstate 33 7.33 0 11 53 7 71 207 278 42% 
Multilane 166 26.99 11 115 328 294 737 2,430 3,178 22% 
Two-lane 149 22.75 7 48 110 34 192 524 723 34% 
Total 733 260.03 60 384 1,021 592 1,997 6,290 8,347 31% 
 
5.3 Cross-Sectional Analysis Results 
5.3.1 Comparability of Type I and Type II Treated Sites for the Before Treatment Period 
Table 5.5 presents the one-way ANOVA analysis results for testing the comparability of Type I and Type 
II treated sites for the before treatment period. The incompatible sites revealed include PDO crashes for 
urban two-lane segments based on the criterion of target crashes, and fatal crashes for rural two-lane 
segments and PDO crashes for urban multilane segments in accordance with the criterion of all crashes. 
In addition, the per lane daily traffic for multilane segments with Type I and Type treatments was found 
to be statistically different. This indicates that the cross-sectional analysis will not generate meaningful 
estimations of safety impacts of shoulder paving for fatal crashes for rural two-lane highways, and PDO 
crashes for urban multilane and urban two-lane highways. 
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Table 5.5 Comparability Test Results of Type I and Type II Treated Sites for the Before Treatment 
Period 
Highway Class F-Statistic Shoulder-Related Target Crashes All Crashes Per Lane 
AADT Critical Value Fatal Injury PDO Fatal Injury PDO 
Rural Interstate 3.95 2.89 0.97 0.28 1.09 0.01 0.55 0.23 
Significant No No No No No No No 
Multilane 4.01 0.42 0.66 0.72 0.51 0.94 1.15 0.90 
Significant No No No No No No No 
Two-lane 3.91 2.43 1.66 0.60 4.90 2.40 3.49 2.11 
Significant No No No Yes No No No 
Urban Interstate 3.95 2.20 1.96 0.49 0.01 3.39 2.71 14.58 
Significant No No No No No No Yes 
Multilane 3.89 0.10 0.41 0.04 1.52 3.25 4.22 14.32 
Significant No No No No No Yes Yes 
Two-lane 3.90 0.36 1.68 5.18 0.83 0.94 0.70 0.27 
Significant No No Yes No No No No 
 
5.3.2 Impacts of Highway Functional Class and Lane Area Factors on Target Crashes for the 
After Treatment Period 
Table 5.6 summarizes the results of the fixed effect, random effect, and mixed effect two-factor factorial 
ANOVA models for assessing the impacts of highway functional class and lane area factors on target 
fatal, injury, and PDO crashes for Type I and Type II treated sites during the after treatment period, 
respectively. In general, injury and PDO crashes are found to be significantly affected by the two factors. 
The SNK tests as Table 5.7 further reveal that for Type I treatment the mean target injury crashes for rural 
multilane treated sites are significantly higher than those of Interstate sites and, for Type II treatment, the 
mean target injury crashes for urban Interstate and rural multilane treated sites are significantly higher 
than those of urban two-lane treated sites.  
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Table 5.6 ANOVA Analysis Results of Target Crashes for Type I and Type II Treated Sites for the 
After Treatment Period 
Treatment Factor Effect Source FCRITICAL
Fatal Injury PDO 
F-statistic Significant F-statistic Significant F-statistic Significant
Type I 
  
  
  
  
  
  
  
  
  
  
  
Fixed HC 3.01 0.95 No 245.09 Yes 434.30 Yes 
Fixed LA 3.86 0.16 No 915.05 Yes 3,972.85 Yes 
Fixed HCxLA 3.01 1.01 No 670.54 Yes 1,398.59 Yes 
Random HC 19.00 0.93 No 0.37 No 0.31 No 
Random LA 18.51 0.16 No 1.36 No 2.84 No 
Random HCxLA 3.01 1.01 No 2.28 No 1.25 No 
Fixed HC 19.00 0.93 No 0.37 No 0.31 No 
Random LA 3.86 0.16 No 3.11 No 3.56 No 
Random HCxLA 3.01 1.01 No 2.28 No 1.25 No 
Random HC 3.01 0.95 No 0.83 No 0.39 No 
Fixed LA 18.51 0.16 No 1.36 No 2.84 No 
Random HCxLA 3.01 1.01 No 2.28 No 1.25 No 
Type II 
  
  
  
  
  
  
  
  
  
  
  
Fixed HC 3.05 0.78 No 510.73 Yes 51.68 Yes 
Fixed LA 3.89 0.19 No 1,743.24 Yes 10,309.30 Yes 
Fixed HCxLA 3.05 0.44 No 92.89 Yes 516.98 Yes 
Random HC 19.00 1.77 No 5.50 No 0.10 No 
Random LA 18.51 0.44 No 18.77 Yes 19.94 Yes 
Random HCxLA 3.05 0.44 No 0.80 No 0.55 No 
Fixed HC 19.00 1.77 No 5.50 No 0.10 No 
Random LA 3.89 0.19 No 15.06 Yes 10.97 Yes 
Random HCxLA 3.05 0.44 No 0.80 No 0.55 No 
Random HC 3.05 0.78 No 4.41 Yes 0.05 No 
Fixed LA 18.51 0.44 No 18.77 Yes 19.94 Yes 
Random HCxLA 3.05 0.44 No 0.80 No 0.55 No 
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Table 5.7 Student-Newman-Keuls Test Results of Significantly Different Target Crashes for Type I 
and Type II Treated Sites for the After Treatment Period  
Treatment Mean Target Crashes Per Lane-Mile Per Year 
Fatal Injury PDO 
Type I  The differences of mean target 
fatal crashes per lane-mile for 
rural and urban Interstate, 
multilane, and two-lane sites are 
within the least significant 
ranges 
The mean target injury crashes 
per lane-mile for rural 
multilane sites are 
significantly higher than those 
of Interstate sites. The 
differences of mean target 
injury crashes per lane-mile 
for remaining sites are within 
the least significant ranges 
The differences of mean target 
PDO crashes per lane-mile for 
Types I treated rural and urban 
Interstate, multilane, and two-
lane sites are within the least 
significant ranges 
Type II The differences of mean target 
fatal crashes per lane-mile for 
Types II treated rural and urban 
Interstate, multilane, and two-
lane sites are within the least 
significant ranges 
The mean target injury crashes 
per lane-mile for urban 
Interstate and rural multilane 
sites are significantly higher 
than those of urban two-lane 
sites. The differences of mean 
target injury crashes per lane-
mile for remaining sites are 
within the least significant 
ranges 
The differences of mean target 
PDO crashes per lane-mile for 
Types II treated rural and urban 
Interstate, multilane, and two-
lane sites are within the least 
significant ranges 
 
5.3.3 Aggregated Safety Impacts of Shoulder Paving   
Table 5.8 presents average percentage reductions in target crashes on the basis of the cross-sectional 
analysis using only the after treatment period data for comparable Type I and Type II treated rural and 
urban Interstate, multilane, and two-lane sites by crash severity category. The safety impacts were not 
assessed for target fatal crashes associated with rural multilane highways due to insufficient data. The 
safety impacts of shoulder paving for target fatal crashes related to rural two-lane highways, and target 
PDO crashes for urban multilane and two-lane highways were not assessed before the Type I and Type II 
treated sites for the before treatment period are not compatible. With a few exceptions on target PDO 
crashes for rural multilane highways and target injury and PDO crashes for urban Interstate highways, 
shoulder paving was found to be highly effective. The percentage reductions in target fatal, injury, and 
PDO crashes range 74-100 percent, 50-95 percent, and 67-84 percent correspondingly. Relatively higher 
percentage reductions were found for rural area and for two-lane highways, respectively. 
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Table 5.8 Aggregated Safety Impacts of Shoulder Paving Using Cross-Sectional Analysis 
ANOVA Model as 
Equation (4-22) 
Highway Class Target Crashes Per Lane-Mile Per Year 
Fatal Injury PDO 
µ Rural Interstate 0.06 0.24 1.15 
Multilane 0.03 2.26 3.44 
Two-lane  0.03 0.80 1.16 
Urban Interstate 0.00 1.65 2.09 
Multilane 0.02 0.58 1.20 
Two-lane  0.02 0.88 3.49 
T1 Rural Interstate -0.04 -0.11 -0.83 
Multilane 0.03 -0.88 0.03 
Two-lane  0.02 -0.47 -0.59 
Urban Interstate 0.00 0.49 0.05 
Multilane -0.01 -0.19 0.01 
Two-lane  -0.02 -0.79 -0.24 
T2 Rural Interstate 0.04 0.11 0.83 
Multilane -0.03 0.88 -0.03 
Two-lane  -0.02 0.47 0.59 
Urban Interstate 0.00 -0.49 -0.05 
Multilane 0.01 0.19 -0.01 
Two-lane  0.02 0.79 0.24 
Safety Impacts of 
Shoulder Paving 
Rural Interstate 74% 65% 84% 
Multilane Note  56% -2% 
Two-lane    74% 67% 
Urban Interstate 100% -84% -5% 
Multilane 93% 50%   
Two-lane  100% 95%   
              Note: The ratio for fatal crashes associated with rural multi-lane highways could not be 
                       established as no crash was observed for Type II treated sites in the after treatment period.   
5.3.4 Safety Impacts of Shoulder Paving by Traffic, Lane Width, and Paved Shoulder Width 
Range 
Similar to the EB analysis, the safety impacts of shoulder paving in the cross-sectional analysis were 
further assessed by grouping the comparable Type I and Type II treated sites according to AADT ranges, 
per lane daily traffic ranges, outside paved shoulder width, lane width, and combined lane and shoulder 
width, respectively.  
As Figure 5.1(a), mixed results are obtained on the safety impacts of shoulder paving for highway 
segments classified by AADT range. For rural Interstate highways, shoulder paving is effective in 
reducing target crashes only with AADT not exceeding 30,000. For urban multilane highways, should 
paving is effective for injury crashes for all AADT ranges. For rural multilane highways, shoulder paving 
is effective in reducing injury and PDO crashes. Whereas urban multilane highways, shoulder paving is 
effective in reduction target fatal and injury crashes except for injury crashes for the AADT range 20,000-
30,000. For urban two-lane highways, shoulder paving is always effective.  
75 
 
As Figure 5.1(b), more consistent results are obtained on the analysis for highway segments grouped by 
per lane daily traffic. For rural Interstate highways, shoulder paving is effective in reducing crashes for 
per lane daily traffic not exceeding 10,000. However, shoulder paving is effective for urban Interstate 
highways for all per lane daily traffic except for PDO crashes with traffic ranging 5,000-10,000. For rural 
multilane highways, shoulder paving was found to be effective for all per lane daily traffic ranges. For 
urban multilane highways, should paving is effective for all per lane daily traffic ranges except for injury 
crashes for a traffic range of 5,000-10,000. For both rural and urban two-lane highways, shoulder paving 
was found to be effective for all traffic ranges. The findings seem suggest that shoulder paving is an 
effective means of safety improvements for per lane daily traffic ranging 5,000-10,000 for Interstate 
highways and less than or equal to 5,000 for multilane and two-lane highways. Table 5.9 lists the 
reductions in target crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane 
highways with those ranges. 
Table 5.9 Reductions in Target Crashes by Effective Per Lane Daily Traffic Range Using Cross-
Sectional Analysis 
Highway Class Effective Per Lane Daily Range % Reduction in Shoulder Paving Related Crashes Fatal Injury PDO 
Rural/ 
Urban 
Interstate 5,000 - 10,000 85% 85-95% 98% 
Multilane < 5,000 100% 35-100% 57-100% 
Two-lane  < 5,000 100% 87-93% 8-100% 
 
 
76 
 
 
Figure 5.1(a) Cross-Sectional Analysis of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by AADT Range  
 
Figure 5.1(b) Cross-Sectional Analysis of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Per Lane Daily Traffic Range  
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As Figure 5.2, consistent results are obtained on the safety impacts of shoulder paving for highway 
segments classified by outside paved shoulder width. For all classes of highways with sufficient data for 
the cross-sectional analysis, shoulder paving was found to be effective in reducing crashes when the 
paved shoulder width is within 8ft, except for urban multilane highways. Shoulder related crashes 
generally increase for fatal, injury, and PDO crashes when the paved shoulder width is wider than 8ft, 
with the exception of rural and urban two-lane highways that still experience crash reductions when the 
outside paved shoulder width exceeding 8ft. Table 5.10 lists the reductions in target crashes potentially 
affected by shoulder paving for Interstate, multilane, and two-lane highways with outside paved shoulder 
width within the 8-ft range. 
 
Figure 5.2 Cross-Sectional Analysis of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Outside Paved Shoulder Width  
Table 5.10 Reductions in Target Crashes by Effective Outside Paved Shoulder Width Using Cross-
Sectional Analysis  
Highway Class Effective Outside Paved Shoulder Width 
% Reduction in Shoulder Paving Related Crashes 
Fatal Injury PDO 
Rural/Urban Interstate ≤ 8ft  98%  
Multilane ≤ 8ft 100%   
Two-lane ≤ 8ft 100% 86-95% 86% 
 
As Figure 5.3, consistent results are obtained on the safety impacts of shoulder paving for highway 
segments classified by lane width. For all classes of highways with sufficient data for cross-sectional 
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analysis, shoulder paving was found to be effective in reducing crashes when the lane width is within 
12ft, except for injury crashes on urban multilane highways. Target injury crashes generally decrease and 
target PDO crashes increase when the lane width exceeds 12ft. Table 5.11 lists the reductions in target 
crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane highways with lane 
width within the 12-ft range. 
 
Figure 5.3 Cross-Sectional Analysis of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Lane Width  
Table 5.11 Reductions in Target Crashes by Effective Lane Width Using Cross-Sectional Analysis  
Highway Class Effective Lane Width % Reduction in Shoulder Paving Related Crashes Fatal Injury PDO 
Rural/Urban Interstate ≤ 12ft 74% 56-65% 84% 
Multilane ≤ 12ft 100%  67% 
Two-lane ≤ 12ft 100% 96%  
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As Figure 5.4, consistent results are obtained on the safety impacts of shoulder paving for highway 
segments classified by combined lane width and outside paved shoulder width. For all classes of 
highways with sufficient data for cross-sectional analysis, shoulder paving is found to be effective in 
reducing crashes when the combined width is within 20ft, except for injury crashes for urban multilane 
highways. Shoulder related crashes generally increase for fatal, injury, and PDO crashes when the paved 
shoulder width is wider than 20ft for Interstate and multilane highways. Table 5.12 lists the reductions in 
target crashes potentially affected by shoulder paving for Interstate, multilane, and two-lane highways 
with combined lane and outside paved shoulder width within the 20-ft range. 
 
Figure 5.4 Cross-Sectional Analysis of Safety Impacts of Shoulder Paving for Rural and Urban 
Interstate, Multilane, and Two-Lane Highways Classified by Combined Lane and Shoulder Width  
Table 5.12 Reductions in Target Crashes by Effective Combined Lane Width and Outside Paved 
Shoulder Width Using Cross-Sectional Analysis  
Highway Class Effective Combined Lane and Paved Shoulder Width 
% Reduction in Shoulder Paving Related Crashes 
Fatal Injury PDO 
Rural/Urban Interstate ≤ 20ft   98% 
Multilane ≤ 20ft 100%   
Two-lane ≤ 20ft 100% 85-98% 85% 
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6 CONCLUSIONS AND FURTHER RESEARCH 
This Dissertation documented the calibration of safety performance functions for fatal, injury, and PDO 
crashes for rural and urban Interstate, multilane, and two-lane highways using data on untreated highway 
segments without pavement resurfacing and/or shoulder paving for period 2000-2006. It also documented 
the assessment of safety impacts of shoulder paving in reducing target crashes potentially affected by 
shoulder paving using the EB analysis and cross-sectional analysis respectively. The target crash types 
include head-ons, sideswipe-same direction, sideswipe-opposite direction, fixed objects, and overturns 
involving single and multiple vehicles. The EB analysis was accomplished by applying the calibrated 
safety performance functions to estimate the EB adjusted target crashes for the before and after treatment 
periods for Type I treatment sites (with pavement resurfacing and shoulder paving) and Type II treatment 
sites (with pavement resurfacing only). The percentage reductions in the target crashes of the two types of 
treated sites for the after treatment period were regarded as the EB analysis of safety impacts of shoulder 
paving. The cross-sectional analysis of safety impacts of shoulder paving was conducted by only using 
target crashes for the after treatment period for comparable Type I and Type II treated sites. The main 
findings are summarized in the following: 
- Negative binomial random effect model was found to be appropriate for the calibration of safety 
performance functions. As commonly found in existing literature, AADT and segment length are most 
influential to the prediction of crashes on highway segments. Additional factors found to be statistically 
significant are lane width, median type, outside paved shoulder width, and combined lane and paved 
shoulder width. The model fits are generally lower for fatal crashes and gradually improved for injury and 
PDO crashes, respectively. 
- Both EB analysis and cross-sectional analysis were successfully implemented for assessing safety 
impacts of shoulder paving. The results obtained are intuitive with some exceptions. In general, the safety 
impacts of shoulder paving in terms of percentages reductions in target crashes evaluated using the EB 
analysis approach are with narrower ranges as compared with those of the cross-sectional analysis 
approach. This is not unexpected as the EB approach corrects for the regression-to-mean bias whereas the 
cross-sectional analysis approach only uses field observational data for the after treatment period that are 
still inherited with biases.  
- The EB and cross-sectional analyses reveals that shoulder paving is mostly effective for per lane daily 
traffic ranging 5,000-10,000, outside paved shoulder width within 8ft, lane width not exceeding 12ft, and 
combined lane and paved shoulder width not greater than 20ft.   
81 
 
6.1 Further research 
The application of the EB approach in current study utilizes SPFs developed from the Illinois roadway 
crash data. One major limitation is the fact that the database does not include some important safety 
variables pertaining to roadway geometrics such as horizontal and vertical curvature of the roadway 
segments and information on shoulder drop-offs and roadside hazards. This may result in biased estimates 
of the models coefficients, and hence the marginal safety impacts of shoulder paving and the subsequent 
EB analysis. Even though the results generated from the EB analysis are generally more reliable as 
compared to those of the cross-sectional analysis, the dataset used for the analysis is quite limited. With 
this in mind, the users are cautioned to make inferences to the entire Illinois DOT maintained highways 
based on the EB analysis results from this study. The study can be further refined whenever more data are 
made available in the near future.            
However, by using the results obtained in this study, a prioritization of the untreated highway segments 
for shoulder paving can be accomplished by executing the following analytical steps that are described in 
subsequent sections:  
1. Determine the highway network for shoulder paving prioritization and analysis period  
2. Estimate the Potential for Safety Improvements (PSIs) for individual segments resulted from pre-
determined shoulder paving options 
3. Compute shoulder paving costs for individual segments 
4. Formulate an optimization model for shoulder paving prioritization under constraints. 
Thus, the PSI can be mapped for individual highway segments and segments selected for shoulder paving 
by highway class, Illinois DOT District, and year in Geographical Information Systems (GIS). 
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APPENDIX 1. LIMDEP MODELS 
 
1. Rural two lane  
1.1. Fatal crashes 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  FAT     | | Weighting variable                 None     | 
| Number of observations             4482     | | Iterations completed                  9     | 
| Log likelihood function       -709.7845     | | Restricted log likelihood     -758.2262     | | Chi squared                    96.88338     | | Degrees of freedom                    1     | | Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -5.33201048     1.03797725    -5.137   .0000 
 LAADT          .18542827      .12448488     1.490   .1363    8.49800774 
 LLNTH          .55993190      .08595193     6.514   .0000   -1.04679322 
 LWOSW          .05650212      .02831938     1.995   .0460    16.2869255 
          Dispersion parameter for count data model 
 Alpha         8.75072991     1.90225712     4.600   .0000 
 
 
1.2. Injury crashes 
 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  INJ     | | Weighting variable                 None     | 
| Number of observations             4482     | | Iterations completed                 13     | 
| Log likelihood function       -6406.260     | | Restricted log likelihood     -9524.588     | | Chi squared                    6236.655     | | Degrees of freedom                    1     | | Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -5.95631640      .33220268   -17.930   .0000 
 LAADT          .67971836      .03834050    17.728   .0000    8.49800774 
 LLNTH          .38627190      .02159687    17.886   .0000   -1.04679322 
 LWOSW          .02827388      .00998204     2.832   .0046    16.2869255 
 DMTWDES1      -.08816029      .05377618    -1.639   .1011     .37327086 
 DMOSW112       .23809053      .10057557     2.367   .0179     .88554217 
          Dispersion parameter for count data model 
 Alpha         1.99787294      .07548867    26.466   .0000 
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1.3. PDO crashes 
 
  Negative Binomial Regression                 
| Maximum Likelihood Estimates                | | Dependent variable                  PDO     | 
| Weighting variable                 None     | 
| Number of observations             4482     | | Iterations completed                 14     | 
| Log likelihood function       -10991.65     | 
| Restricted log likelihood     -23210.42     | | Chi squared                    24437.54     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -3.68587866      .24041764   -15.331   .0000 
 LAADT          .49824445      .02661110    18.723   .0000    8.49800774 
 LLNTH          .43673401      .01537760    28.401   .0000   -1.04679322 
 LWOSW          .04432269      .00838796     5.284   .0000    16.2869255 
 DMLW           .25586363      .05768269     4.436   .0000     .86970103 
 DMTWDES1      -.24654038      .03830261    -6.437   .0000     .37327086 
 DMOSW11        .59097293      .11496929     5.140   .0000     .09348505 
 DMOSW122       .39853448      .07480640     5.328   .0000     .79205712 
          Dispersion parameter for count data model 
 Alpha         1.21063699      .02983503    40.578   .0000 
 
2. Rural Interstate  
2.1. Fatal crashes 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  FAT     | | Weighting variable                 None     | | Number of observations             2647     | 
| Iterations completed                 11     | | Log likelihood function       -301.6320     | | Restricted log likelihood     -318.3443     | 
| Chi squared                    33.42446     | | Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -17.3741502     3.55555005    -4.886   .0000 
 LAADT         1.09090357      .30582182     3.567   .0004    9.78191904 
 LLNTH          .93591642      .14862344     6.297   .0000    -.94789016 
 LWOSW          .16339116      .08909317     1.834   .0667    21.1832263 
          Dispersion parameter for count data model 
 Alpha         5.64320189     2.15598392     2.617   .0089 
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2.2. Injury crashes 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  INJ     | | Weighting variable                 None     | | Number of observations             2647     | | Iterations completed                 13     | | Log likelihood function       -3398.108     | 
| Restricted log likelihood     -4309.876     | | Chi squared                    1823.536     | | Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ |Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -7.34714131      .78685981    -9.337   .0000 
 LAADT          .41203490      .06569000     6.272   .0000    9.78191904 
 LLNTH          .38548017      .03236224    11.911   .0000    -.94789016 
 LWOSW          .15519812      .02196421     7.066   .0000    21.1832263 
 DMTWDES1       .78697805      .14979376     5.254   .0000     .04420098 
 DMOSW112      1.57430106      .18135179     8.681   .0000     .12580280 
          Dispersion parameter for count data model 
 Alpha         1.72468098      .09886808    17.444   .0000 
 
 
2.3. PDO crashes 
| Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | | Dependent variable                  PDO     | 
| Weighting variable                 None     | 
| Number of observations             2647     | 
| Iterations completed                 16     | | Log likelihood function       -6337.340     | 
| Restricted log likelihood     -10783.98     | 
| Chi squared                    8893.277     | | Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant      2.29462017     1.11175099     2.064   .0390 
 LAADT          .33088044      .04041785     8.186   .0000    9.78191904 
 LLNTH          .43261935      .01994717    21.688   .0000    -.94789016 
 LWOSW         -.15550675      .04102478    -3.791   .0002    21.1832263 
 DMLW          -.52262742      .23428206    -2.231   .0257     .98828863 
 DMTWDES1       .68079497      .09898163     6.878   .0000     .04420098 
 DMOSW11      -1.50003736      .42449187    -3.534   .0004     .09029090 
 DMOSW122      1.25610562      .13533144     9.282   .0000     .03551190 
          Dispersion parameter for count data model 
 Alpha          .86561777      .02957539    29.268   .0000 
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3. Rural Multi Lane 
3.1. Fatal crashes 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  FAT     | | Weighting variable                 None     | 
| Number of observations             2507     | | Iterations completed                  8     | | Log likelihood function       -284.1665     | | Restricted log likelihood     -308.7485     | | Chi squared                    49.16393     | | Degrees of freedom                    1     | | Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ |Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -3.54577037     2.39631237    -1.480   .1390 
 LAADT          .08775318      .24569624      .357   .7210    9.86231130 
 LLNTH          .60397687      .14417267     4.189   .0000   -1.89816261 
          Dispersion parameter for count data model 
 Alpha         14.5641886     4.94735708     2.944   .0032 
 
3.2. Injury crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Dependent variable                  INJ     | 
| Weighting variable                 None     | 
| Number of observations             2507     | 
| Iterations completed                 11     | | Log likelihood function       -4583.814     | 
| Restricted log likelihood     -7300.187     | 
| Chi squared                    5432.746     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -7.04843646      .61852910   -11.395   .0000 
 LAADT          .90102423      .05709648    15.781   .0000    9.86231130 
 LLNTH          .58182323      .03019350    19.270   .0000   -1.89816261 
 LWOSW         -.00899223      .00715336    -1.257   .2087    17.8927004 
 DMOSW12       -.52735676      .12661041    -4.165   .0000     .08216992 
 DMOSW13        .17700055      .08392123     2.109   .0349     .19465497 
          Dispersion parameter for count data model 
 Alpha         1.75082590      .07731512    22.645   .0000 
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3.3. PDO crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Model estimated: Jul 18, 2009 at 02:54:56AM.| 
| Dependent variable                  PDO     | 
| Weighting variable                 None     | 
| Number of observations             2507     | 
| Iterations completed                 14     | 
| Log likelihood function       -7376.606     | 
| Restricted log likelihood     -18085.40     | | Chi squared                    21417.58     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -7.46046550      .63291832   -11.787   .0000 
 LAADT          .79943029      .04231240    18.894   .0000    9.86231130 
 LLNTH          .61122164      .02102511    29.071   .0000   -1.89816261 
 LWOSW          .10049250      .01953481     5.144   .0000    17.8927004 
 DMLW           .35764095      .12549114     2.850   .0044     .94854408 
 DMTWDES1      -.13104251      .06160835    -2.127   .0334     .18627842 
 DMOSW11       1.15682249      .21236243     5.447   .0000     .30355006 
 DMOSW122       .41832399      .10065740     4.156   .0000     .27682489 
 
 LWOSW = Lane width + OShd1 width, ft  
 DMLW = dummy variable if lane width <= 12ft 
 DMTWDES1 = dummy variable for undivided travel way 
 DMOSW11 = dummy variable if oshd1 width = 0 ft 
 DMOSW122 = dummy variable if oshd1 width between 1-8 ft 
 
          Dispersion parameter for count data model 
 Alpha         1.12472291      .03461036    32.497   .0000 
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4. Urban Two Lane 
4.1. Fatal crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Model estimated: Jul 18, 2009 at 03:27:23PM.| | Dependent variable                  FAT     | 
| Weighting variable                 None     | 
| Number of observations             6079     | 
| Iterations completed                  9     | 
| Log likelihood function       -463.2589     | 
| Restricted log likelihood     -503.4056     | 
| Chi squared                    80.29351     | 
| Degrees of freedom                    1     | | Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -8.10695475     2.33236583    -3.476   .0005 
 LAADT          .48119581      .24457328     1.967   .0491    9.17733799 
 LLNTH          .22946931      .11395564     2.014   .0440   -2.10355304 
 DMOSW112      -.05959187      .26214590     -.227   .8202     .69024511 
          Dispersion parameter for count data model 
 Alpha         24.8073728     7.17535294     3.457   .0005 
 
4.2. Injury crashes 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  INJ     | | Weighting variable                 None     | 
| Number of observations             6079     | | Iterations completed                 10     | | Log likelihood function       -8641.201     | | Restricted log likelihood     -11269.83     | | Chi squared                    5257.253     | | Degrees of freedom                    1     | | Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ |Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -7.87178786      .39860429   -19.748   .0000 
 LAADT          .92222806      .04172595    22.102   .0000    9.17733799 
 LLNTH          .32815755      .02003080    16.383   .0000   -2.10355304 
 DMOSW112       .16944678      .04591539     3.690   .0002     .69024511 
          Dispersion parameter for count data model 
 Alpha         1.65630125      .05852126    28.303   .0000 
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4.3. PDO crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Dependent variable                  PDO     | 
| Weighting variable                 None     | 
| Number of observations             6079     | 
| Iterations completed                 14     | 
| Log likelihood function       -14838.34     | | Restricted log likelihood     -27980.20     | 
| Chi squared                    26283.72     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -5.37372607      .30305367   -17.732   .0000 
 LAADT          .88469603      .02876928    30.751   .0000    9.17733799 
 LLNTH          .33855308      .01416423    23.902   .0000   -2.10355304 
 LWOSW         -.03739813      .00497333    -7.520   .0000    15.4884027 
 DMTWDES1      -.18591375      .03315821    -5.607   .0000     .31584142 
 DMOSW112      -.11307140      .07104412    -1.592   .1115     .92745517 
 
 LWOSW = Lane width + OShd1 width, ft  
 DMTWDES1 = dummy variable for undivided travel way 
 DMOSW11 = dummy variable if oshd1 width = 0 ft 
 DMOSW112 = dummy variable if oshd1 width <= 8ft 
 
          Dispersion parameter for count data model 
 Alpha         1.05873961      .02327670    45.485   .0000 
 
5. Urban Interstate 
5.1. Fatal crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Dependent variable                  FAT     | 
| Weighting variable                 None     | 
| Number of observations             3582     | 
| Iterations completed                  8     | 
| Log likelihood function       -538.1003     | 
| Restricted log likelihood     -551.7200     | | Chi squared                    27.23936     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -7.39337341     1.56848925    -4.714   .0000 
 LAADT          .47025970      .13754251     3.419   .0006    11.3855115 
 LLNTH          .77264276      .10006060     7.722   .0000   -2.05295181 
          Dispersion parameter for count data model 
 Alpha         3.86676030     1.27869188     3.024   .0025 
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5.2. Injury crashes 
+---------------------------------------------+ 
| Negative Binomial Regression                | | Maximum Likelihood Estimates                | 
| Dependent variable                  INJ     | | Weighting variable                 None     | | Number of observations             3582     | | Iterations completed                 11     | | Log likelihood function       -6856.358     | | Restricted log likelihood     -10231.63     | | Chi squared                    6750.543     | | Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ |Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -9.55484359      .65724888   -14.538   .0000 
 LAADT          .88568925      .03603093    24.581   .0000    11.3855115 
 LLNTH          .47169417      .02079122    22.687   .0000   -2.05295181 
 LWOSW          .04897425      .02040555     2.400   .0164    21.5695142 
 DMOSW112       .52934004      .22341014     2.369   .0178     .08040201 
          Dispersion parameter for count data model 
 Alpha         1.40204166      .05174612    27.095   .0000 
6.  
 
6.1. PDO crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Dependent variable                  PDO     | 
| Weighting variable                 None     | 
| Number of observations             2647     | 
| Iterations completed                 16     | | Log likelihood function       -6337.340     | 
| Restricted log likelihood     -10783.98     | 
| Chi squared                    8893.277     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant      2.29462017     1.11175099     2.064   .0390 
 LAADT          .33088044      .04041785     8.186   .0000    9.78191904 
 LLNTH          .43261935      .01994717    21.688   .0000    -.94789016 
 LWOSW         -.15550675      .04102478    -3.791   .0002    21.1832263 
 DMLW          -.52262742      .23428206    -2.231   .0257     .98828863 
 DMTWDES1       .68079497      .09898163     6.878   .0000     .04420098 
 DMOSW11      -1.50003736      .42449187    -3.534   .0004     .09029090 
 DMOSW122      1.25610562      .13533144     9.282   .0000     .03551190 
 
 LWOSW = Lane width + OShd1 width, ft  
 DMLW = dummy variable if lane width <= 12ft 
 DMTWDES1 = dummy variable for undivided travel way 
 DMOSW11 = dummy variable if oshd1 width = 0 ft 
 DMOSW122 = dummy variable if oshd1 width between 1-8 ft 
 
          Dispersion parameter for count data model 
 Alpha          .86561777      .02957539    29.268   .0000 
 
92 
 
 
7. Urban Multi Lane 
7.1. Fatal crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Dependent variable                  FAT     | | Weighting variable                 None     | 
| Number of observations            10574     | 
| Iterations completed                  8     | 
| Log likelihood function       -1250.232     | 
| Restricted log likelihood     -1309.087     | 
| Chi squared                    117.7091     | 
| Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -5.17181608     1.51301527    -3.418   .0006 
 LAADT          .25324026      .14690689     1.724   .0847    10.0157555 
 LLNTH          .52986183      .06875017     7.707   .0000   -2.15411009 
          Dispersion parameter for count data model 
 Alpha         9.11131786     1.74849854     5.211   .0000 
 
 
7.2. Injury crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | | Dependent variable                  INJ     | 
| Weighting variable                 None     | 
| Number of observations            10574     | 
| Iterations completed                 11     | 
| Log likelihood function       -20284.56     | 
| Restricted log likelihood     -30525.45     | 
| Chi squared                    20481.78     | 
| Degrees of freedom                    1     | | Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -5.89488499      .35379536   -16.662   .0000 
 LAADT          .80284820      .03302992    24.307   .0000    10.0157555 
 LLNTH          .50275853      .01355195    37.099   .0000   -2.15411009 
 LWOSW         -.02657225      .00362415    -7.332   .0000    14.4746548 
 DMOSW12       -.67313534      .08357730    -8.054   .0000     .04009835 
 DMOSW13        .25373948      .05667129     4.477   .0000     .08842444 
 
 LWOSW = Lane width + OShd1 width, ft  
 DMOSW12 = dummy variable if oshd1 width between 1-4 ft 
 DMOSW13 = dummy variable if oshd1 width between 1-8 ft 
 
          Dispersion parameter for count data model 
 Alpha         1.57112488      .03371511    46.600   .0000 
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7.3. PDO crashes 
+---------------------------------------------+ | Negative Binomial Regression                | 
| Maximum Likelihood Estimates                | 
| Dependent variable                  INJ     | 
| Weighting variable                 None     | 
| Number of observations            10574     | 
| Iterations completed                 11     | 
| Log likelihood function       -20284.56     | 
| Restricted log likelihood     -30525.45     | 
| Chi squared                    20481.78     | | Degrees of freedom                    1     | 
| Prob[ChiSqd > value] =         .0000000     | 
+---------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
|Variable | Coefficient  | Standard Error |b/St.Er.|P[|Z|>z] | Mean of X| 
+---------+--------------+----------------+--------+---------+----------+ 
 Constant     -5.89488499      .35379536   -16.662   .0000 
 LAADT          .80284820      .03302992    24.307   .0000    10.0157555 
 LLNTH          .50275853      .01355195    37.099   .0000   -2.15411009 
 LWOSW         -.02657225      .00362415    -7.332   .0000    14.4746548 
 DMOSW12       -.67313534      .08357730    -8.054   .0000     .04009835 
 DMOSW13        .25373948      .05667129     4.477   .0000     .08842444 
 
 LWOSW = Lane width + OShd1 width, ft  
 DMOSW12 = dummy variable if oshd1 width between 1-4 ft 
 DMOSW13 = dummy variable if oshd1 width between 1-8 ft 
 
          Dispersion parameter for count data model 
 Alpha         1.57112488      .03371511    46.600   .0000 
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APPENDIX 2. F-STATISTICS TABLE (α=0.1) 
 
df2:df1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
3 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.76 8.74 8.73 8.71 8.7 8.69 8.68 8.67 8.67 8.66
4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6 5.96 5.94 5.91 5.89 5.87 5.86 5.84 5.83 5.82 5.81 5.8
5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.7 4.68 4.66 4.64 4.62 4.6 4.59 4.58 4.57 4.56
6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.1 4.06 4.03 4 3.98 3.96 3.94 3.92 3.91 3.9 3.88 3.87
7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68 3.64 3.6 3.57 3.55 3.53 3.51 3.49 3.48 3.47 3.46 3.44
8 5.32 4.46 4.07 3.84 3.69 3.58 3.5 3.44 3.39 3.35 3.31 3.28 3.26 3.24 3.22 3.2 3.19 3.17 3.16 3.15
9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18 3.14 3.1 3.07 3.05 3.03 3.01 2.99 2.97 2.96 2.95 2.94
10 4.96 4.1 3.71 3.48 3.33 3.22 3.14 3.07 3.02 2.98 2.94 2.91 2.89 2.86 2.85 2.83 2.81 2.8 2.79 2.77
11 4.84 3.98 3.59 3.36 3.2 3.09 3.01 2.95 2.9 2.85 2.82 2.79 2.76 2.74 2.72 2.7 2.69 2.67 2.66 2.65
12 4.75 3.89 3.49 3.26 3.11 3 2.91 2.85 2.8 2.75 2.72 2.69 2.66 2.64 2.62 2.6 2.58 2.57 2.56 2.54
13 4.67 3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71 2.67 2.63 2.6 2.58 2.55 2.53 2.51 2.5 2.48 2.47 2.46
14 4.6 3.74 3.34 3.11 2.96 2.85 2.76 2.7 2.65 2.6 2.57 2.53 2.51 2.48 2.46 2.44 2.43 2.41 2.4 2.39
15 4.54 3.68 3.29 3.06 2.9 2.79 2.71 2.64 2.59 2.54 2.51 2.48 2.45 2.42 2.4 2.38 2.37 2.35 2.34 2.33
16 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.46 2.42 2.4 2.37 2.35 2.33 2.32 2.3 2.29 2.28
17 4.45 3.59 3.2 2.96 2.81 2.7 2.61 2.55 2.49 2.45 2.41 2.38 2.35 2.33 2.31 2.29 2.27 2.26 2.24 2.23
18 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.37 2.34 2.31 2.29 2.27 2.25 2.23 2.22 2.2 2.19
19 4.38 3.52 3.13 2.9 2.74 2.63 2.54 2.48 2.42 2.38 2.34 2.31 2.28 2.26 2.23 2.21 2.2 2.18 2.17 2.16
20 4.35 3.49 3.1 2.87 2.71 2.6 2.51 2.45 2.39 2.35 2.31 2.28 2.25 2.23 2.2 2.18 2.17 2.15 2.14 2.12
22 4.3 3.44 3.05 2.82 2.66 2.55 2.46 2.4 2.34 2.3 2.26 2.23 2.2 2.17 2.15 2.13 2.11 2.1 2.08 2.07
24 4.26 3.4 3.01 2.78 2.62 2.51 2.42 2.36 2.3 2.25 2.22 2.18 2.15 2.13 2.11 2.09 2.07 2.05 2.04 2.03
26 4.23 3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.27 2.22 2.18 2.15 2.12 2.09 2.07 2.05 2.03 2.02 2 1.99
28 4.2 3.34 2.95 2.71 2.56 2.45 2.36 2.29 2.24 2.19 2.15 2.12 2.09 2.06 2.04 2.02 2 1.99 1.97 1.96
30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21 2.16 2.13 2.09 2.06 2.04 2.01 1.99 1.98 1.96 1.95 1.93
35 4.12 3.27 2.87 2.64 2.49 2.37 2.29 2.22 2.16 2.11 2.08 2.04 2.01 1.99 1.96 1.94 1.92 1.91 1.89 1.88
40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.12 2.08 2.04 2 1.97 1.95 1.92 1.9 1.89 1.87 1.85 1.84
45 4.06 3.2 2.81 2.58 2.42 2.31 2.22 2.15 2.1 2.05 2.01 1.97 1.94 1.92 1.89 1.87 1.86 1.84 1.82 1.81
50 4.03 3.18 2.79 2.56 2.4 2.29 2.2 2.13 2.07 2.03 1.99 1.95 1.92 1.89 1.87 1.85 1.83 1.81 1.8 1.78
60 4 3.15 2.76 2.53 2.37 2.25 2.17 2.1 2.04 1.99 1.95 1.92 1.89 1.86 1.84 1.82 1.8 1.78 1.76 1.75
70 3.98 3.13 2.74 2.5 2.35 2.23 2.14 2.07 2.02 1.97 1.93 1.89 1.86 1.84 1.81 1.79 1.77 1.75 1.74 1.72
80 3.96 3.11 2.72 2.49 2.33 2.21 2.13 2.06 2 1.95 1.91 1.88 1.84 1.82 1.79 1.77 1.75 1.73 1.72 1.7
100 3.94 3.09 2.7 2.46 2.31 2.19 2.1 2.03 1.97 1.93 1.89 1.85 1.82 1.79 1.77 1.75 1.73 1.71 1.69 1.68
200 3.89 3.04 2.65 2.42 2.26 2.14 2.06 1.98 1.93 1.88 1.84 1.8 1.77 1.74 1.72 1.69 1.67 1.66 1.64 1.62
500 3.86 3.01 2.62 2.39 2.23 2.12 2.03 1.96 1.9 1.85 1.81 1.77 1.74 1.71 1.69 1.66 1.64 1.62 1.61 1.59
1000 3.85 3 2.61 2.38 2.22 2.11 2.02 1.95 1.89 1.84 1.8 1.76 1.73 1.7 1.68 1.65 1.63 1.61 1.6 1.58
>1000 1.04 3 2.61 2.37 2.21 2.1 2.01 1.94 1.88 1.83 1.79 1.75 1.72 1.69 1.67 1.64 1.62 1.61 1.59 1.57  
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df2:df1 22 24 26 28 30 35 40 45 50 60 70 80 100 200 500 1000 >1000
3 8.65 8.64 8.63 8.62 8.62 8.6 8.59 8.59 8.58 8.57 8.57 8.56 8.55 8.54 8.53 8.53 8.54
4 5.79 5.77 5.76 5.75 5.75 5.73 5.72 5.71 5.7 5.69 5.68 5.67 5.66 5.65 5.64 5.63 5.63
5 4.54 4.53 4.52 4.5 4.5 4.48 4.46 4.45 4.44 4.43 4.42 4.42 4.41 4.39 4.37 4.37 4.36
6 3.86 3.84 3.83 3.82 3.81 3.79 3.77 3.76 3.75 3.74 3.73 3.72 3.71 3.69 3.68 3.67 3.67
7 3.43 3.41 3.4 3.39 3.38 3.36 3.34 3.33 3.32 3.3 3.29 3.29 3.27 3.25 3.24 3.23 3.23
8 3.13 3.12 3.1 3.09 3.08 3.06 3.04 3.03 3.02 3.01 2.99 2.99 2.97 2.95 2.94 2.93 2.93
9 2.92 2.9 2.89 2.87 2.86 2.84 2.83 2.81 2.8 2.79 2.78 2.77 2.76 2.73 2.72 2.71 2.71
10 2.75 2.74 2.72 2.71 2.7 2.68 2.66 2.65 2.64 2.62 2.61 2.6 2.59 2.56 2.55 2.54 2.54
11 2.63 2.61 2.59 2.58 2.57 2.55 2.53 2.52 2.51 2.49 2.48 2.47 2.46 2.43 2.42 2.41 2.41
12 2.52 2.51 2.49 2.48 2.47 2.44 2.43 2.41 2.4 2.38 2.37 2.36 2.35 2.32 2.31 2.3 2.3
13 2.44 2.42 2.41 2.39 2.38 2.36 2.34 2.33 2.31 2.3 2.28 2.27 2.26 2.23 2.22 2.21 2.21
14 2.37 2.35 2.33 2.32 2.31 2.28 2.27 2.25 2.24 2.22 2.21 2.2 2.19 2.16 2.14 2.14 2.13
15 2.31 2.29 2.27 2.26 2.25 2.22 2.2 2.19 2.18 2.16 2.15 2.14 2.12 2.1 2.08 2.07 2.07
16 2.25 2.24 2.22 2.21 2.19 2.17 2.15 2.14 2.12 2.11 2.09 2.08 2.07 2.04 2.02 2.02 2.01
17 2.21 2.19 2.17 2.16 2.15 2.12 2.1 2.09 2.08 2.06 2.05 2.03 2.02 1.99 1.97 1.97 1.96
18 2.17 2.15 2.13 2.12 2.11 2.08 2.06 2.05 2.04 2.02 2 1.99 1.98 1.95 1.93 1.92 1.92
19 2.13 2.11 2.1 2.08 2.07 2.05 2.03 2.01 2 1.98 1.97 1.96 1.94 1.91 1.89 1.88 1.88
20 2.1 2.08 2.07 2.05 2.04 2.01 1.99 1.98 1.97 1.95 1.93 1.92 1.91 1.88 1.86 1.85 1.84
22 2.05 2.03 2.01 2 1.98 1.96 1.94 1.92 1.91 1.89 1.88 1.86 1.85 1.82 1.8 1.79 1.78
24 2 1.98 1.97 1.95 1.94 1.91 1.89 1.88 1.86 1.84 1.83 1.82 1.8 1.77 1.75 1.74 1.73
26 1.97 1.95 1.93 1.91 1.9 1.87 1.85 1.84 1.82 1.8 1.79 1.78 1.76 1.73 1.71 1.7 1.69
28 1.93 1.91 1.9 1.88 1.87 1.84 1.82 1.8 1.79 1.77 1.75 1.74 1.73 1.69 1.67 1.66 1.66
30 1.91 1.89 1.87 1.85 1.84 1.81 1.79 1.77 1.76 1.74 1.72 1.71 1.7 1.66 1.64 1.63 1.62
35 1.85 1.83 1.82 1.8 1.79 1.76 1.74 1.72 1.7 1.68 1.66 1.65 1.63 1.6 1.57 1.57 1.56
40 1.81 1.79 1.77 1.76 1.74 1.72 1.69 1.67 1.66 1.64 1.62 1.61 1.59 1.55 1.53 1.52 1.51
45 1.78 1.76 1.74 1.73 1.71 1.68 1.66 1.64 1.63 1.6 1.59 1.57 1.55 1.51 1.49 1.48 1.47
50 1.76 1.74 1.72 1.7 1.69 1.66 1.63 1.61 1.6 1.58 1.56 1.54 1.52 1.48 1.46 1.45 1.44
60 1.72 1.7 1.68 1.66 1.65 1.62 1.59 1.57 1.56 1.53 1.52 1.5 1.48 1.44 1.41 1.4 1.39
70 1.7 1.67 1.65 1.64 1.62 1.59 1.57 1.55 1.53 1.5 1.49 1.47 1.45 1.4 1.37 1.36 1.35
80 1.68 1.65 1.63 1.62 1.6 1.57 1.54 1.52 1.51 1.48 1.46 1.45 1.43 1.38 1.35 1.34 1.33
100 1.65 1.63 1.61 1.59 1.57 1.54 1.52 1.49 1.48 1.45 1.43 1.41 1.39 1.34 1.31 1.3 1.28
200 1.6 1.57 1.55 1.53 1.52 1.48 1.46 1.43 1.41 1.39 1.36 1.35 1.32 1.26 1.22 1.21 1.19
500 1.56 1.54 1.52 1.5 1.48 1.45 1.42 1.4 1.38 1.35 1.32 1.3 1.28 1.21 1.16 1.14 1.12
1000 1.55 1.53 1.51 1.49 1.47 1.43 1.41 1.38 1.36 1.33 1.31 1.29 1.26 1.19 1.13 1.11 1.08
>1000 1.54 1.52 1.5 1.48 1.46 1.42 1.4 1.37 1.35 1.32 1.3 1.28 1.25 1.17 1.11 1.08 1.03
APPENDIX 3. STUDENTIZED RANGE q  (α=0.1) 
n2 ∖ p 2 3 4 5 6 
1 90.024 135.041 164.258 185.575 202.21 
2 14.036 19.019 22.294 24.717 26.629 
3 8.26 10.619 12.17 13.324 14.241 
4 6.511 8.12 9.173 9.958 10.583 
5 5.702 6.976 7.804 8.421 8.913 
6 5.243 6.331 7.033 7.556 7.972 
7 4.949 5.919 6.542 7.005 7.373 
8 4.745 5.635 6.204 6.625 6.959 
9 4.596 5.428 5.957 6.347 6.657 
10 4.482 5.27 5.769 6.136 6.428 
11 4.392 5.146 5.621 5.97 6.247 
12 4.32 5.046 5.502 5.836 6.101 
13 4.26 4.964 5.404 5.726 5.981 
14 4.21 4.895 5.322 5.634 5.881 
15 4.167 4.836 5.252 5.556 5.796 
16 4.131 4.786 5.192 5.489 5.722 
17 4.099 4.742 5.14 5.43 5.659 
18 4.071 4.703 5.094 5.379 5.603 
19 4.046 4.669 5.054 5.334 5.553 
20 4.024 4.639 5.018 5.293 5.51 
21 4.004 4.612 4.986 5.257 5.47 
22 3.986 4.588 4.957 5.225 5.435 
23 3.97 4.566 4.931 5.195 5.403 
24 3.955 4.546 4.907 5.168 5.373 
25 3.942 4.527 4.885 5.144 5.347 
26 3.93 4.51 4.865 5.121 5.322 
27 3.918 4.495 4.847 5.101 5.3 
28 3.908 4.481 4.83 5.082 5.279 
29 3.898 4.467 4.814 5.064 5.26 
30 3.889 4.455 4.799 5.048 5.242 
31 3.881 4.443 4.786 5.032 5.225 
32 3.873 4.433 4.773 5.018 5.21 
33 3.865 4.423 4.761 5.005 5.195 
34 3.859 4.413 4.75 4.992 5.181 
35 3.852 4.404 4.739 4.98 5.169 
36 3.846 4.396 4.729 4.969 5.156 
37 3.84 4.388 4.72 4.959 5.145 
38 3.835 4.381 4.711 4.949 5.134 
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39 3.83 4.374 4.703 4.94 5.124 
40 3.825 4.367 4.695 4.931 5.114 
48 3.793 4.324 4.644 4.874 5.052 
60 3.762 4.282 4.594 4.818 4.991 
80 3.732 4.241 4.545 4.763 4.931 
120 3.702 4.2 4.497 4.709 4.872 
240 3.672 4.16 4.45 4.655 4.814 
Inf 3.643 4.12 4.403 4.603 4.757 
 
 
